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Sensitivity  of  Transport  Coefficients  to  Intermolecular  Potential. 
Application  to  a  High  Temperature  Air  Flow.  * 

J.P.  Dudon^,  A.  Chikhaoui^,  M.  Dudeck^ 

^lUSTI,  Marseille,  France 
^Laboratoire  d’Aerothermique,  Meudon,  France. 


This  contribution  deals  with  transport  properties 
prediction  in  thermochemical  nonequilibrium  react¬ 
ing  gas  flows.  The  derivation  of  transport  terms  in 
such  a  mixture  considering  different  levels  of  vibra¬ 
tional  and  chemical  nonequilibrium  has  been  car¬ 
ried  out  in  ref.  [1].  It  is  well  known  that  the 
probability  of  chemical  reactions  in  gases  increase 
with  temperature  so  that  the  modeling  of  high  en¬ 
thalpy  gaz  flows  such  as  hypersonic  flows  around  a 
body  (for  example  during  its  earth  -  or  else  -  at¬ 
mospheric  reentry),  should  take  into  account  the 
reactivity  of  the  mixture.  In  this  case  the  under¬ 
standing  of  the  dissipative  processes  is  fundamen¬ 
tal  in  order  to  evaluate  the  heat  shield  of  the  space 
vehicle.  Moreover  an  adequate  macroscopic  descrip¬ 
tion  of  the  flow  requires  the  evaluation  of  transport 
terms  such  as  thermal  conductivity,  viscosity,  mul¬ 
ticomponent  and  thermal  diffusion  coefficients. 
Most  of  the  fluid  dynamic  computations  have  been 
carried  out  using  empirical  formulae  for  the  trans¬ 
port  properties  whithout  any  discussion  about  Q- 
integrals.  The  aim  of  this  paper  is  to  evaluate  the 
sensitivity  of  high  temperature  air  mixture  trans¬ 
port  coefficients  correponding  to  the  parameters 
of  the  attractive-repulsive  intermolecular  potential, 
and  particularly  in  relation  to  the  collision  diame¬ 
ters  which  can  be  considered  as  the  molecular  ’size’. 
Here  we  consider  a  polyatomic  gas  mixture  in  strong 
chemical  nonequilibrium  and  weak  vibrational 
nonequilibrium.  In  the  generalized  Chapman- 
Enskog  formalism,  based  on  the  resolution  of 
the  Boltzmann  equation  following  an  asympotic 
method  in  which  the  small  parameter  is  the  ratio 
of  the  rapid  processes  caracteristic  time  to  the  slow 
processes  one,  these  conditions  correspond  to  the 
so-called  one-temperature  approach  [1,  2]. 

It  is  well  kown  that  the  multicomponent  transport 
coefficients  can  be  finally  expressed  under  the  form 
of  the  ratio  of  two  determinants  including  elastic 
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and  inelastic  bracket  integrals.  If  we  develop  these 
integrals  considering  the  commonly  used  Mason  and 
Monchick  approximations  [3],  they  can  be  finally 
expressed  as  a  function  of  internal  mode  relaxation 
times,  corresponding  to  inelastic  energy  exchanges, 
and  of  collision  integrals  which  are  related  to 
the  elastic  collision  cross  sections. 

It  is  important  to  notice  that  the  above  integrals 
appear  in  the  commonly  used  approximate  formulae 
for  transport  coefficients,  like  Wilke  [4]  formula  for 
shear  viscosity  or  Mason  fe  Saxena  [5]  one  for  heat 
conductivity. 

In  the  frame  of  Mason  fc  Monchick  approximations, 
these  ^  integrals  can  be  calculated  in  the  same 
way  than  in  the  case  of  a  mixture  of  monoatomic 
gases  [6],  [7].  It  is  well  known  that  for  realistic  po¬ 
tential  cannot  be  evaluated  analytically  due  to 
the  complicated  dependance  of  the  scattering  angle 
X  on  the  relative  velocity  </  and  the  impact  param¬ 
eter  6.  The  hard  sphere  model  is  the  simplest  one 
which  allow  to  compute  these  integrals. 

Moreover  this  potential  is  useful  to  give  rapid  ap¬ 
proximate  evaluation  for  transport  properties  or  for 
testing  approximation  method  as  the  Sonine  poly¬ 
nomial  expansion  method,  is  also  used  to  define 
reduced  Q  —  integrals  under  the  following  form  : 


qA’’)*  —  Q^' 

“a/J  —  “a/? 


As  it  is  shown  in  ref.  [6],  these  reduced  fi-integrals 
have  the  advantage  of  being  closer  to  unity  and  of 
being  more  smoothly  varying  functions  of  temper¬ 
ature  than  unnormalized  ones.  There  exist  many 
models  for  attractive-repulsive  potential,  all  char¬ 
acterized  by  the  two  fundamental  parameters  dap 
and  Eap-  In  this  work  we  choose  the  well-known 
(6  —  12)  Lennard  —  Jones  intermolecular  potential 
which  gives  the  best  agreement  with  experimental 
results  for  many  gases,  in  particular  for  O2,  N2, 
NO,  O  and  N  species  which  constitute  the  air  mix¬ 
ture  considered  here.  This  potential  corresponds  to 
the  relation  :  <i){r)  = 
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In  this  contribution,  we  give  the  results  about  the 
sensitivity  of  a  high  temperature  air  mixture  trans¬ 
port  coefficients,  first  in  relation  to  the  model  po¬ 
tential  (hard  sphere  or  Lennard  —  Jones),  then  in 
relation  to  the  collision  diameter  dc,g  and  the  min¬ 
imal  energy  Sap  of  the  Lennard-Jones  potential.  In 
this  way,  we  computed  the  different  transport  coeffi¬ 
cients  in  a  temperature  range  from  1000  K  to  10  000 
K,  using  successively  the  values  of  das  and  £c,g  for 
the  five  air  species  from  the  references  [8,  9,  10,  11]. 
The  numerical  results  presented  show  that  the  fact 
of  using  chemical  data  from  two  different  sources 
can  lead  to  significant  effects  on  the  final  results. 
The  order  of  magnitude  of  the  observed  discrepancy 
lies  between  5'a  and  100%  depending  on  the  consid¬ 
ered  coeffirient  and  it  increases  more  or  less  rapidly 
with  the  temperature.  For  example  one  can  observe 
on  figure  1  that  for  shear  viscosity  the  results  ob- 
ttiined  with  the  collision  diameters  from  Glotz  [9] 
ai'-  greater  than  those  from  Moss  [10]  for  10 
OOOK.  d  lie  differetice  between  the  two  other  curves 
is  less  bectuise  Atidcrson  [8]  and  Chemkitt  [11]  give 
approxitiiately  the  same  diatiieters  for  atoms  O  and 
whii'li  constitute  the  dominant  species  of  the  air 
mixture  at  high  temperature.  For  thermal  diffusion 
coefficients,  the  difference  is  even  more. 
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Figure  1:  Shear  viscosity  of  air  :  Influence  of  colli¬ 
sion  diameters. 
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The  Mathematical  Modelling  of  Rarefied  Gas  Flows  in  Cavity  * 

Alexeev  B.V.,  Mikhailov  V.V. 

Physics  Dpt.,  Moscow  Fine  Chemical  Technology  Institute,  Moscow,  Russia 


The  lid-driven  flow  in  cavity  has  become  a  widely  used  vehicle  for  testing  different  numerical  schemes 
and  flow  models.  The  main  result  of  the  comparison  between  mathematical  modelling  based  on  the 
Navier-Stokes  equation  (NSE)  and  experimental  data  can  be  formulated  by  the  following  way  [1];  the 
measured  mean  velocity  profiles  are  significantly  different  from  those  produced  by  a  numerical  simulation 
at  both  Re  —  3200  and  Re  =  10000  .  One  might  expect  that  a  two-dimensional  simulation  would  compare 
favorable  to  data  from  symmetry  plane,  [1], 

We  consider  a  two-dimensional  rectangular  cavity  with  lid  under  uniform  translation  to  the  right  as 
shown  in  Fig.l.  The  generalized  hydrodynamic  equations  (GHE)  [2-4]  written  in  the  generalized  Euler 
approximation  are  applied  for  the  two-dimensional  mathematical  simulation  of  this  flow  ; 
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Figure  1: 


u  (pv^  +  5P)  -  r  f  ^  ■‘'  ^  1 1  ■ 

°  +^{uvpvl+7Puv)  \j 


i  (^Uq  +  5P)  -  r 


^  (u  (pf?  +  5P))  +  ^  (uupD?  +  TPtiv)  +  1 1  _ 

+  fy  +  P'^l  +  7^1^*  +  5^)  J  /  - 


where  t>o  =  u*  +  v^-,  u,  v  -  components  of  the  hydrodynamic  velocity  vo  in  the  x,y  -  directions,  r  -  mean 
free  time  between  collisions  which  in  hydrodynamic  regime  can  be  written  a-s  r  =  FIp/P;  p—  dynamical 
viscosity,  P  -  static  pressure,  parameter  H  depends  on  the  model  of  the  particles  interaction. 

Initial  conditions  : 

(t  =  0)  p  =  Pco  ,  P  =  Poo  ,  «  =  0,  V  =  0. 

Boundary  conditions: 

(/  >  0)  u(x,  0)  =  K, ,  u  (x,  0)  =  0,  u(x,  L)  —  0,  v(x,  L)  =  0  for  x  6  [0,  L]\ 
u(0,  y)  =  0,  l(0,  y)  =  0,  u(L,  y)  =  0,  t(i,  y)  =  0  for  y  €  [0,  L  ; 

<'  =  ^1’  [^L-,  =  ^],-L  =  '  =  I"'  ^1’ 

If )".=o  =  »'  IIfL=l  =  0,  for  y  =  (0, 1];  [Iff.,  =  0,  =  0,  for  i  =  |0,  i]; 

The  terms  in  square  brackets,  which  are  proportional  to  r,  correspond  to  Kolmogorov  statistical  fluc¬ 
tuations.  The  system  of  Eqs.  (l)-(4)  written  in  dimensionless  form  was  numerically  solved  in  the  vast 
area  of  the  Re,Eu  alteration,  6.2  <  Re  <  lOOOO.Typical  flow  portraits  for  the  same  time  moments  are 
different  for  GHE  and  NSE  simulation. 
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Numerical  Study  of  Shock  Wave  Structure  Based  on 
Quasigasdynamic  Equations  with  Rotational  Nonequilibrium.  * 

I.  A.  Chirokov^,  T.  G.  Elizarova^,  J.  C.  Lengrand^ 

^  Institute  of  Mathematical  Modeling,  Russian  Academy  of  Sciences,  Moscow,  Russia 
^  Lab.  d’Aerothermique  du  CNRS,  Meudon,  France 


1  Introduction 

The  quasigasdynamic  (QGD)  equation  system,  ob¬ 
tained  in  the  late  80 ’s,  is  a  model  for  the  de¬ 
scription  of  viscous  gas  flows.  Computer  modeling 
and  theoretical  investigations  showed  the  validity  of 
this  system  of  equations  to  describe  viscous  heat- 
conductive  flows  and  confirmed  also  some  advan¬ 
tages  of  it  compared  with  the  Navier-Stokes  system 
[1]- 

This  work  presents  the  generalization  of  the  QGD 
system  to  flows  of  non-monoatomic  gases  with  a 
difference  between  translational  and  rotational  tem¬ 
peratures.  This  new  system  is  referred  to  as  QGDR. 


2  System  of  equations 

A  molecule  is  considered  as  a  rigid  rotator,  possess¬ 
ing  only  kinetic  energy.  We  start  from  the  Boltz¬ 
mann  equation,  use  the  Maxwell  and  Hinshelwood 
distribution  functions  for  translational  and  rota¬ 
tional  energies,  respectively.  We  use  the  same  pro¬ 
cedure  as  described  in  [4]  and  we  obtain  the  QGDR 
system.  The  form  of  this  system  depends  on  the 
number  of  degrees  of  freedom  of  the  molecule.  The 
systems  for  three  and  two  rotational  degrees  of  free¬ 
dom  were  obtained  in  arbitrary  3-dimensional  space 
coordinates. 

For  the  ID  plane  flow  of  molecules,  possessing  two 
rotational  degrees  of  freedom,  this  system  has  the 
following  form: 


d 

d  _  d  d 

dx^^  dx^  dx 

(pu^  +Pt), 

a 

5,2 

d  d  , 

+n-)  = 
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S  ^  ,r.  ,  S  5,, 

-Er  +  ^vlET  +  pr)  =  +  jPT)»= 

5  d  rpT  d  5  d  ^  Pt  ,  c 

2dx  p  dx^  2Prdx^^dx  p 


d  d  ^  d  d  ^  . 
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d  Tpr  d 


d 


d  Pr 


Here  pr,  Ej,  Pr,  Er  pressures  and  energies  associ¬ 
ated  to  translation  and  rotation  and  defined  as 


Et  = with  pt  =  p{11/M)Tt, 

Er=Pr  with  Pr=P  (H/M )  Tr , 


where  M  is  the  molar  mass  and  V,  is  the  universal 
gas  constant.  Average  pressure  and  temperature 
are  defined  as 


Pav  =  (3pT  +  2pr)/5  =  p('R./M)Tav. 

The  Prandtl  number  is  taken  from  Eucken’s  approx¬ 
imation:  7  =  (5-I-C)/(3  +  C)i  where  7  is  the  specific 
heat  ratio  and  C  is  the  number  of  internal  degrees 
of  freedom  of  the  molecule.  For  the  present  work, 
we  had  ^  =  2,  7  =  7/5,  Pr  =  14/19.  The  parame¬ 
ter  r  is  the  Maxwellian  relaxation  time  r  =  p/pav, 
where  p  is  the  viscosity.  The  latter  is  estimated 
as  /i  oc  ,  consistent  with  the  model  of  Variable 
Hard  Sphere  molecules. 

To  calculate  exchange  terms  in  energy  equations  the 
relaxation  model  for  the  collision  integral  was  used 
and  resulted  in 


St  =  ^(Pr  -  pt)\  St  =  -St, 

5  TV 

where  Tt  can  be  interpreted  as  the  rotational  relax¬ 
ation  time.  The  equation  for  rotational  energy  Er 
can  be  simplified  and  approximated  as 
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|r,  +  4T,  =  (T,„-r,)/,,. 

Similar  equations  are  often  used  in  the  investiga¬ 
tions  of  relaxation  processes  (see  [2],  p.  117). 

In  the  case  of  temperature  equilibrium  (pr  =  Pr  = 
=  p),  the  QGDR  system  turns  into  the  one- 
temperature  QGD  system  with  the  adequate  value 
of  7  for  non-monoatomic  gas.  The  equation  for  en¬ 
ergy  (for  ID  plane  flow)  writes  then 

■y  —  I  ox  p  ox  y  —  \  ox  ox  p 

3  Results 

The  present  QGDR  model  can  be  applied  to  3D 
RGD  flows.  In  this  work,  however,  it  was  used  to 
investigate  the  ID  rotational  relaxation  in  a  shock 
wave.  The  rotational  relaxation  time  was  estimated 
as  Tr  =  5r,  although  more  complicated  models,  in¬ 
cluding  temperature-dependent  ones  could  be  intro¬ 
duced. 

An  explicit  finite-difference  method  was  used.  Cal¬ 
culations  were  carried  out  for  shock  waves  in  a  gas 
of  hard-sphere  molecules  (ui  =  1/2)  at  Mach  num¬ 
bers  in  the  range  2-13.  The  profiles  obtained  are 
shown  in  Figs.l  and  2,  where  x  is  reduced  by  the 
upstream  mean  free  path.  Ordinates  are  reduced 
as  usual  based  on  the  Rankine-Hugoniot  values  up¬ 
stream  and  downstream  of  the  shock  wave.  One 
can  note  the  similarity  between  these  curves  and 
results  presented  by  Bird  [2],  p.  298,  and  by  Koura 
[3].  Detailed  comparisons  will  be  pre.sented  in  the 
final  paper. 

The  calculation  confirmed  the  stability  properties  of 
the  QGD  system  with  its  associated  computational 
algorithm. 


4  Conclusion 

A  continuum  model  (QGDR)  for  the  description 
of  RGD  flows  has  been  developed.  It  includes  the 
treatment  of  nonequilibrium  between  translational 
and  rotational  temperatures.  Results  were  obtained 
based  on  QGDR  equations  for  the  shock  wave  prob¬ 
lem  in  a  wide  range  of  Mach  numbers.  They  show 
that  these  equations  can  be  used  in  addition  to  ap¬ 
proaches  based  on  kinetic  theory  or  DSMC  method. 


Figure  1:  Profiles  of  reduced  temperatures  and  den¬ 
sity  for  Ma  =  2 


Figure  2:  Profiles  of  reduced  temperatures  and  den¬ 
sity  for  Ma  =12.9 
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Two-point  Kinetic  Theory  and  Two-point  Hydrodynamics  * 

M.  Grmela^,  G.  Lebon^ 

^  Ecole  Polytechnique  de  Montreal,  Canada 
^  Universite  de  Liege,  Belgique 


The  Boltzmann  kinetic  equation  can  be  cast  into 
the  form[l] 


where  x  =  /i  (1)  is  the  one-point  distribution  func¬ 
tion,  1  =  (ri,Vi)  denoting  the  position  vector  and 
velocity,  E  (x)  is  the  energy,  S  (x)  the  entropy,  L  (x) 
the  Poisson  operator  expressing  the  kinematics  of  x 
and  ^  dissipation  potential  arising 

for  instance  in  the  Guldberg-Waage  dynamics  (col¬ 
lisions  are  regarded  as  binary  chemical  reactions, 
the  velocity  v  parametrizes  the  species). 

Also  the  Navier-Stokes-Fourier  hydrodynamic  equa¬ 
tions  can  be  cast  into  the  form  (1).  In  this  case  x 
represents  the  five  hydrogynamic  fields  while  E,  S, 
L  and  ^  have  the  same  physical  meaning  as  for  the 
Boltzmann  equation.  The  passage  from  the  Boltz¬ 
mann  equation  to  the  Navier-Stokes-Fourier  equa¬ 
tions  is  thus  a  reduction  preserving  the  structure 
(1).  It  can  be  shown  that  the  structure  (1)  guar¬ 
antees  that  solutions  of  any  time  evolution  equa¬ 
tion  possessing  it,  agree  with  the  experimentally 
observed  approach  to  thermodynamic  equilibrium. 

In  this  paper  we  formulate  a  two-point  extension 
of  the  Boltzmann  equation[2]  as  another  realization 
of  (1)  with  X  =  (f2(l)  ,  f2(l,2))  where  /2(1,2) 
is  the  two-point  distribution  function.  The  most 
interesting  new  feature  of  this  extension  is  the  col¬ 
lision  term.  As  in  the  original  Boltzmann  equation, 
it  is  the  term  that  introduces  dissipation  and  time 
irreversibility  into  the  dynamics.  It  is  however  dif¬ 
ferent  from  the  Boltzmann  collision  term.  In  the 
present  description  collisions  redistributing  the  ve¬ 
locities  of  the  interacting  particles  are  replaced  by 
“precollisions”  in  which  only  the  identities  of  the 
interacting  particles  are  redistributed  but  their  ve¬ 
locities  remain  unchanged. 

‘Abstract  2651  submitted  to  the  21st  International  Sym¬ 
posium  on  Rarefied  Gas  Dynamics,  Marseille,  France,  July 
26-31,  1998 


In  the  passage  from  the  two-point  kinetic  theory  to 
hydrodynamics,  we  follow  two  routes.  The  first  one 
consists  of  the  passage  from  the  two-point  kinetic 
theory  to  the  one-point  kinetic  theory  followed  by 
the  passage  to  hydrodynamics  (both  passages  are, 
of  course,  required  to  preserve  the  structure  (1)). 
This  route  is  appropriate  if  the  correlations  (both 
the  one  existing  at  equilibrium  and  the  one  created 
in  the  flow)  decay  faster  than  the  higher  moments 
(in  the  velocity)  of  the  distribution  functions.  If 
the  opposite  is  true,  we  follow  the  second  route 
where  we  pass  from  two-point  kinetic  theory  first  to 
two-point  hydrodynamics  and  afterwards  from  the 
two-point  hydrodynamics  to  classical  hydrodynam¬ 
ics.  Again,  both  passages  are  required  to  preserve 
the  structure  (1).  The  two-point  hydrodynamics 
obtained  in  this  way  represents  a  new  extension  of 
classical  hydrodynamics. 
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Onsager-Casimir  Reciprocity  Relations  in 
Rotating  Gaseous  Systems  * 

F.M.  Sharipov 

Departamento  de  Fi'sica,  Universidade  Federal  do  Parana 
81531-990,  Curitiba,  Brazil 


Recently,  transport  phenomena  in  rotating  systems 
have  attracted  an  attention  of  many  researchers, 
see  e.g.  the  papers  [1,  2].  The  rotation  creates  an 
anisotropy  in  gases  and  qualitatively  changes  the 
transfer  of  mass,  heat  and  momentum.  Moreover, 
new  phenomena  appear  in  rotating  gas,  which  can¬ 
not  exist  in  systems  at  rest. 

The  aim  of  the  present  paper  is  to  obtain  the 
Onsager-Casimir  reciprocity  relations  [3,  4]  for  ro¬ 
tating  gaseous  systems  basing  on  the  Boltzmann 
equation  and  on  the  boundary  condition  for  the  dis¬ 
tribution  function. 


To  prove  the  relations  (3)  we  start  from  the  sta¬ 
tionary  Boltzmann  equation,  which  in  the  rotating 
reference  frame  reads 

a  =  2[v  X  fl]  -I-  [U  X  [r  X  fl]], 

where  Q(//.)  is  the  collision  integral. 

We  apply  the  boundary  condition  regarding  the  pro¬ 
cesses  of  evaporation  and  condensation  on  the  sur¬ 
face 


The  main  idea  of  the  reciprocity  relations  is  as  fol¬ 
lows;  Consider  a  system  rotating  with  an  angular 
velocity  fl.  In  weak  non-equilibrium  state  all  ir¬ 
reversible  phenomena  arising  in  the  system  can  be 
described  in  the  following  linear  form: 


A' 

(I) 

n  =  1 

where  A'*  are  thermodynamic  forces,  are  conju¬ 
gated  thermodynamic  fluxes  and  are  kinetic 

coefficients,  which  depend  on  the  angular  velocity 
n.  If  the  thermodynamic  forces  and  fluxes  are  cho¬ 
sen  so  as  the  entropy  production  has  the  form  of 
the  sum 

A' 

<r  =  ^  Jif  A  * ,  (2) 

*  =  i 


Kl/''‘(r,v)  =  |r„|[l  -  Q(r, -v)]/,,,(r,v) 


+  /  v)/-(r,v')dv',  (5) 

Jv',<0 

where  /■•■  is  the  distribution  function  of  particles 
leaving  the  surface,  f~  is  the  distribution  function 
of  incident  particles,  v„  is  the  normal  velocity  com¬ 
ponent,  /u,  is  the  surface  Maxwellian.  The  scatter¬ 
ing  kernel  R(r,v'  -¥  v)  satisfies  the  normalizations 
condition 


r,v'  v)(/v  =  Q(r,v'), 


where 

0  <  a(r,  v')  <  1, 
and  the  reciprocity  condition 


the  kinetic  coefficients  Afcn(fl)  are  coupled  by  the 
Onsager-Casimir  reciprocity  relations  as 

Afc„{n)  =  ±A„fc(-n),  (3) 


|vj,|/^i?(v'-»v)  =  |u„|/,i,  fi(-v -v').  (6) 

In  the  equilibrium  state  the  Maxwellian  distribution 
function  is  established 


The  sing  is  ’’plus”  if  both  thermodynamic  forces 
Xk  and  A'n  have  the  same  parity  with  respect  to 
the  time  reversal.  If  the  forces  have  the  different 
parity,  the  sign  is  ’’minus”. 

'Abstract  2686  submitted  to  the  21st  International  Sym¬ 
posium  on  Rarefied  Gas  Dynamics,  Marseille,  France,  July 
26-31,  1998 


=  "“W  (2^) 


where  Jo  is  the  equilibrium  temperature,  which  is 
constant  over  the  whole  region  occupied  by  the  gas. 
The  number  density  Hofr)  has  a  non-uniform  dis¬ 
tribution,  which  can  be  obtained  from  the  static 
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equilibrium  between  the  centrifugal  force  and  the 
gas  pressure. 

In  case  of  weak  non-equilibrium  state  the  lineariza¬ 
tion  of  the  distribution  function  is  performed  near 
the  Maxwellian  /o,  i.e. 

/(r,v)  =  /o[l-hMr.v)].  |h|«l.  (7) 

Substituting  (7)  into  (4)  one  obtains  the  linearized 
Boltzmann  equation 


h(r,v)  =  J3h('')(r,v)Xfc.  (12) 

k 

In  the  present  work  it  is  proved  that  the  entropy 
production  in  the  system  has  the  following  expres¬ 
sion 

<T  =  /  (v„hui,h)dS.  (13) 

Jan 

Substituting  (II)  into  (13)  on  can  see  that  to  satisfy 
Eq.(2)  the  thermodynamic  fluxes  must  be  defined  as 


D(Sl)h  -Lh  =  0,  (8) 

where  D  is  the  differential  operator  containing  fl 
via  the  acceleration  a 


and  L  is  the  linear  collision  operator. 

The  linearized  boundary  condition  (5)  takes  the 
form 

/i'*'  =  Ah~  +  -  Ahu,, 

where  A  is  the  gas-surface  interaction  operator  and 
/in,  is  the  perturbation  of  the  surface  Maxwellian 


/u;  —  /o  ( 1  +  hui  )  • 


Jk=  f  {v„hl!;\h)ds,  (14) 

Jan 

if  Xk  are  assumed  to  be  thermodynamic  forces. 
Substituting  (12)  into  (14)  and  comparing  it  with 

(1)  we  conclude  that  the  kinetic  coefficients  have 
the  form 


A*„(ft)=/  (r„ fcW, d5.  (15) 

Jan  '  ' 

In  the  report  the  relations  (3)  for  the  kinetic  coef¬ 
ficients  (15)  are  proved  basing  on  the  relations  (9) 
and  (10).  Some  examples  of  the  application  of  the 
present  theory  are  given.  New  cross  effects  arising 
only  in  rotating  systems  are  indicated. 


Let  us  introduce  the  following  scalar  products 
(<^,V’)  =  J  /o<^(r,v)  V'(r,v)dv, 

((<^.V’))=  /  (<l>,‘ip)dT, 

Jn 

where  H  is  the  region  occupied  by  the  gas,  and  the 
operator  of  the  time  reversal 

T<^(r,v)  =  </i(r,— v). 

The  linear  collision  operator  L  satisfies  the  well- 
known  relation 
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((fL<t>,tP))  =  {(fL^,4>)).  (9) 

With  the  help  of  (6)  it  can  be  proved  that 

((tD(n)<^,V'))+  /  (fvn<l>^,^) 

Jan 

=  {{fD(-n)xi>,4>))+  [  (10) 

Jan 

If  a  set  of  the  small  parameters  Xk  are  used  for 
the  linearization,  the  perturbation  of  the  surface 
Maxwellian  /i„,  and  the  solution  h  of  Eq.(8)  can  be 
decomposed  as 

hw{r,\)  =  'Y^h]^\T,\)Xk,  (11) 

k 
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Discrete  kinetic  models  for  the  Boltzmann  equation  and 
applications  to  evaporation  and  condensation  problems  * 

I.  Nicodin,  P.  Duruisseau,  R.  Gatignol 

Laboratoire  de  Modelisation  en  Mecanique,  Universite  Piere  et  Marie  Curie  et  CNRS, 

Paris,  France 

In  discrete  kinetic  theory,  the  choice  of  the  discrete  molecular  models  is  very  important.  To  introduce  the 
temperature,  which  is  a  fundamental  quantity  in  the  problems  of  evaporation  and  condensation,  the  models  must 
include  velocities  with  at  least  two  different  moduli.  Owing  to  the  discretisation  the  definition  of  temperature 
given  by  the  classical  kinetic  theory  is  no  longer  valid,  so,  here  we  use  the  “kinetic”  temperature  [2].  We  present 
in  this  paper  a  class  of  discrete  plane  models  with  binary  collisions  and  we  analyze  the  evaporation  condensation 
problem. 

1  Two  dimensional  plane  models 

For  a  gas  with  identical  particles  we  introduce  two  dimensional  models  related  to  the  square  .  The  velocities  of 
a  model  are  tii  =  6tJ,  in  an  orthonormal  system  of  coordinates  (Oiy),  with:  -(21  -  1)  <  a*  <  21  -  1; 
-{2/  -  1)  <  fct  <  2/  -  1;  &  Z,  /  €  N'.  This  is  the  model  “1”.  The  velocities  are  symmetrically  with 

respect  to  the  coordinates  axis,  then  the  determinations  of  the  binary  collisions  are  easily  made  by  computer. 
By  mathematical  proof,  we  show  that  there  are  only  physical  linearly  independent  summational  invariants  (mass, 
momentum,  energy). 

2  Boundary  conditions 

As  usual  we  denote  by  Nj  the  number  density  of  particles  u}  ,  the  Maxwellian  density  of  particles  ti}  ,  the 
index  w  referring  the  particles  on  respect  to  the  boundary.  We  suppose  that  we  don’t  have  parallel  velocities 

to  the  interface  boundary  and  the  velocity  set  is  symmetrical  with  respect  to  this  interface.  The  indices  i,r  are 

refering  at  impinging  and  reflected  particles  on  respect  to  the  boundary.  Here  we  take  models  having  velocities 
symmetrical  with  respect  to  the  interface. 

For  vacuum  evaporation  Nr  =  •  For  cv.aporatioii  comicn.sation  at  cquilibi  iuni  the  Huxes  of  evaporating 

and  condensing  molecules  counterbalance  each  other.  We  liavc  rir  =  With  n,„t  is  the  saturation  density 
and  Hr  =  53  the  total  density  for  the  reflected  particles.  In  the  general  case  ,  we  make  the  assumption  that 
the  number  of  emitted  particles  is  the  same  in  equilibrium  as  in  non-equilibrium.  So  we  put  Nr  —  n,ntNrw 

3  Evaporation  condensation  problem 

Evajwration  condensation  between  two  interfaces.  In  the  orthonormal  system  of  coordinates  {Oxy), 
we  consider  two  condensed  phases  limited  by  two  plane  parallel  surfaces  located  at  y  =  0  and  y  =  L.  The 
two  condensed  phases  are  kept  at  constant  different  temperatures.  The  geometric  modification  brought  by 
the  evaporation  or  the  condensation  are  assumed  negligible.  So  we  can  suppose  that  the  motion  of  the  gas  is 
stationary  and  the  microscopic  quantities  (and  the  macroscopic  also)  depend  on  only  one  space  variable,  the 
distance  in  the  direction  orthogonal  to  the  interfaces.  The  boundary  condition  on  y  =  0  are  given  only  for  the 
microscopic  densities  of  emerging  particles  and  ony  —  L  only  the  others  densities. 

The  half  space  problem.  We  analyze  the  steady  behavior  of  the  gas  from  the  plane  y  =  0  to  the  infinity. 
The  boundary  conditions  on  y  =  0  are  given  as  the  previous  problem  rmd  at  infinity  ,  the  gas  is  uniform  and  has  a 
normal  velocity  to  the  condensed  phase  ,  and  thus  its  molecular  distribution  is  Maxwellian  with  the  temperature 
Too,  the  numerical  density  noo  and  the  velocity  component  Voo-  The  problem  can  be  solved  when  some  relations 

’Abstract  3001  submitted  to  the  21st  Internationa)  Sym¬ 
posium  on  Rarefied  Gas  Dynamics,  Marseille,  France,  July 
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between  the  macroscopic  variables  of  the  condensed  phase  at  p  =  0  and  the  macroscopic  variables  at  infinity  are 
satisfied  . 

We  solve  two  problems  numerically  by  a  Runge-Kuta  method,  for  the  several  models  “1”  ,  for  a  large  number  of 
parameters. 

4  Results 

For  the  evaporation  condensation  problem  between  two  surfaces  we  analyze  the  profile  of  the  kinetic  temperature 
and  the  profile  of  the  other  macroscopic  quantities  also  .  We  observe  here  the  jumps  of  the  kinetic  temperature 
on  the  interfaces.  With  adequate  choice  of  the  parameters  the  kinetic  temperature  suffers  a  jump  at  the  hotter 
interface  ,  remains  almost  constant  until  the  flux  coming  from  the  hotter  interface  meets  the  flux  coming  from 
the  cooler  one  .  With  other  choices  of  the  flow  parameters,  we  are  a  monotonically  increasing  or  decreasing 
profile  witli  a  maximum  of  the  kinetic  temperature.  At  last  we  can  also  observe  the  “famous”  inverted  profile  of 
the  kinetic  temperature.  These  results  are  in  good  agreement  with  the  results  obtained  by  Aoki  and  Masukawa 

[4]. 

We  realize  this  study  for  a  several  models  “1”  .  We  observe  that  the  profiles  for  the  different  “1”  are  comparable. 


1  1 


For  the  half  space  evaporation  problem,  the  kinetic  temperature  profile  is  monotonically  increasing. 


5  Conclusions 

The  aim  of  this  work  has  been  to  obtain  a  kinetic  temperature  profile  for  the  evaporation  condensation  problems, 
by  using  discrete  simple  models.  We  show  that,  we  do  not  have  to  take  a  large  number  of  velocities  to  obtain 
similar  results  to  those  already  establish  with  other  methods  of  resolution  of  the  Boltzmann  equation. 

To  look  to  the  future,  the  case  under  consideration  is  to  study  the  same  problem  by  using  three  dimensional 
models,  and  also  to  compare  with  a  Monte  Carlo  solution. 


References 

[1]  A.  (I’Alineida  -  These  de  Doctoral  de  I’Univcrsite  Paris  6 , 53-C8  80-99,1995 

[2]  A.d’ Almeida  ,  R.  Gatignol  -  Eur.  J  Math.  Fluids, IIG,  401-428,  1997 

[3]  K.  Aoki,  Y.  Sone,  T.  Yamada  -Pkys.  Fluids, A,  Vol  2,1867-1878,1990. 

[4]  K.  Aoki  and  N.  Masukawa  Phys.  Fluids,  Vol  6,1378-1395,  1994 


13 


Kinetic  Theory  and  Models  -  KTM  P 


Numerical  Experiments  and  Modelling 
of  Non- Equilibrium  Effects  in  Dilute  Granular  Flows  * 


M.  Sakiz*,  0.  Simonin*,2 
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^  Institut  de  Mecanique  des  Fluides  /  INPT,  Toulouse,  France 


1  Introduction 

Continuum  theories  of  highly  agitated  granular 
flows  have  recently  been  developed  in  the  frame  of 
the  kinetic  theory  of  gases,  with  the  mean  kinetic 
energy  of  the  particle  velocity  fluctuations  corre¬ 
sponding  to  the  temperature  of  the  gas.  This  ap¬ 
proach  has  originally  been  applied  to  dense  systems 
of  identical,  smooth,  nearly  elastic  spheres.  For 
these  flows,  the  main  difference  between  kinetic  the¬ 
ory  for  gas  and  granular  materials  is  due  to  the  in¬ 
elasticity  of  the  grains  which  induces  a  loss  of  kinetic 
energy  in  collisions  between  pairs  of  particles.  So, 
the  practical  closure  laws  for  the  momentum  flux, 
energy  flux  and  rate  of  dissipation  due  to  collision 
can  be  derived  by  presuming  a  velocity  distribution 
close  to  equilibrium  maxwellian  function.  Exten¬ 
sion  towards  dilute  flows  involves  the  determination 
of  the  influence  of  the  surrounding  fluid,  which  can 
induce  dissipation  or  production  of  particle  kinetic 
energy,  and  of  non-equilibrium  effects  due  to  the  low 
collision  frequency.  This  paper  concerns  numeri¬ 
cal  simulation  and  continuum  modelling  of  particles 
suspended  in  a  turbulent  gas  vertical  channel  flow. 
Comparisons  are  made  between  the  results  obtained 
with  a  discrete  particle  simulation  method  (the  so- 
called  numerical  experiment)  and  those  obtained 
using  a  continuum  approach  derived  in  the  frame  of 
Grad’s  theory.  The  influence  of  the  fluid  turbulence 
on  the  particles  and  the  influence  of  the  particles 
on  the  fluid  (two-way  coupling)  are  not  included  in 
the  computations,  in  order  to  focus  on  the  effect  of 
inter-particle  and  wall-particle  collisions  on  the  par¬ 
ticle  statistics.  In  the  discrete  particle  simulations, 
particle  movement  is  only  governed  by  drag,  grav¬ 
ity  and  inter-particle  collisions.  Wall-particle  inter¬ 
action  treatment  allows  to  account  for  frictionnal 
inelastic  bouncing.  Periodic  boundary  conditions 
are  used  in  the  streamwise  and  spanwise  directions. 
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The  computational  domain  for  the  discrete  particle 
simulations  is  a  rectangular  box,  240mm  long  and 
40mm  wide,  with  periodic  boundary  conditions  in 
the  streamwise  and  spanwise  directions.  The  sta¬ 
tionary  state  for  the  mean  particle  properties  is  usu¬ 
ally  reached  after  about  10  times  the  fluid/particle 
interaction  characteristic  time  and  100  times  the 
collisional  characteristic  time.  Afterwards,  statis¬ 
tics  are  calculated  over  50000  to  100000  time  steps 
in  order  to  get  more  than  3.10®  particle  velocity 
measurements  in  each  averaging  cell. 

The  continuum  approach  is  based  on  the  calculation 
of  separate  transport  equations  for  the  first  three  ve¬ 
locity  moments  of  the  particle  distribution  function: 
number  density,  mean  velocity  and  kinetic  stress 
tensor  components.  A  Boussinesq  approximation 
is  used  to  model  the  third  order  moments.  Dis¬ 
crete  particle  simulation  results  are  presented  and 
discussed  for  two  different  particle  diameters  and 
various  concentrations.  Budget  graphs  are  drawn 
to  show  the  main  production,  transport  and  de¬ 
struction  mechanisms  up  to  the  third  order  veloc¬ 
ity  moments.  Comparisons  between  measured  ve¬ 
locity  distribution  from  simulations  and  presumed 
maxwellian  or  Grad  distributions  are  performed,  fo¬ 
cussing  on  the  very  near-wall  region. 
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Profiles  of  the  budget  of  the  second-order  velocity  correlation  equations  computed from  discrete  particle 
simulation  results  in  a  vertical  gas-solid  channel  flow :  particle  diameter  dp  =  406  pm,  particle  density 
Pp  =  1038  kg  m'\  particle  volumetric  fraction  a  =  /O'-*  (u”  and  v"  are  the  streamwise  and  wall-normal 
turbulent  particle  velocity  components,  respectively). 


Comparison  between  discrete  particle  simulation  results  and  continuum  model  predictions  for  the 
fourth-order  particle  velocity  correlations. 
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A  number  of  properties  of  a  gas  with  an  ellipsoidal 
distribution  function  A  are  examined.  The  purpose 
of  this  work  is  to  express  the  translational  relax¬ 
ation  time  in  terms  of  direction-dependent  temper¬ 
atures  Tr,Ty.Ti,  rather  than  in  terms  of  a  unique 
temperature  T. 


After  transformation  we  get 

<  c>=Int(A,B,C)/  [2v43]  . 

Thus  ratio  between  the  mean  relative  velocity  and 
the  mean  thermal  velocity  is  equal  to 


Three-temperature  gas 

The  mean  relative  velocity  of  gas  molecules  (1)  and 
(2)  is  calculated  as 


<  Cr  >=  -j//|ci  -C2I  /«(Ci)/e(C2)dCi  dco 
1  rr  /r^ 


fl  -  Cr2)^  +  (Cyl  -  Cy-i)^  +  (c^i  -  Cj2)^ 


X  exp 
dc 


+  ^  exp  - 

iRTr  P  iRTy 


.  ^2 


V.1  T 

dCz\  dCr'> 


QCri  _  qcj-g  m-.vi  uLyg  qc-i  qc-? 

y/2RT,  ^/2RT,  s/2RTy  ^2RTy  ^2RT,  s/2RT, 

where  R  is  the  perfect-gas  constant  and  p  is  the 
density,  .^fter  transformation,  we  get 

<  c,.  >=  lnt(.4,B,C)/V2^. 


where 


A  =  2RTr,  B-2RTy.  C  =  2RT,  and 

Int(A,B,C)  =  fJsinOx _ 

fj”  \/ A  sin'  0  cos-  (p  +  B  sin^  ^  sin*'  0  C  cos-  6d(j> 
xdO. 


<Cr>  I  <c>=\/2, 

as  in  an  equilibrium  gas.  This  conclusion  is  inter¬ 
esting  in  itself  and  moreover  it  has  a  consequence 
on  the  mean  free  path  A  in  a  hard-sphere  gas  of  to¬ 
tal  collisional  cross-section  <to  and  number  density 
n: 

A=  ^  ^  X  —  =  ^ 

<  Cr  >  n  (To  y/2n<To 

both  for  Maxwellian  and  ellipsoidal  distribution 
functions. 


Two-temperature  gas 

We  consider  the  (extreme)  particular  nonequilib¬ 
rium  case,  with  A  =  B  ^  C,  which  corresponds  to 
Ti  =  Ty  ^  Tz.  Such  a  situation  is  encountered,  e.g., 
in  the  problem  of  shock  wave  structure,  in  the  ID 
relaxation  problem,  in  the  ID  gas  expansion  prob¬ 
lem  and  in  a  number  of  other  situations  where  the 
flow  velocity  is  directed  along  the  z— axis.  The  in¬ 
tegral  Int(A,  B,  C)  can  be  found  explicitly  as 


Similarly  we  calculate  the  mean  thermal  velocity: 

<e>=i/c/.*-=^/^c;  +  rj  +  c; 

2  J.2  2 

dCr  dCy  dCr 

y/2RTr  \/2RTy  s/2RZ 
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lnt(A,C)  =  2;r  f  sin  6  V A  sin^  0  +  C cos*  6  d$. 
Jo 


For  A  <  C  OT  Tr  =Ty  <T,,  v/e  find 


Int(A,C)  = 

=  2i:Vc(l  + 


V  2^C(C-A)  Vc-Vc 

For  A  >  C  or  Tr  =  Ty  >  Tt,  we  find 


H) 
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Int(A,  C)  = 

=  27rv/C  ( I  + 


— - =  arcsin  ^ 


V  y/C(A-C) 

In  both  cases,  the  resulting  expression  of  <  Cr  >  is 

<c,  >=2^l^(l  +  A(T,,n)), 
where  A{Tz ,  T^)  = 


T,  „lnV^+\/T.-r. 

2Vz(z-n)  -  \/z-n 

iiTr<T, 


X  arcsin » / 


77 
ifr^>r. 


When  Tx  —^Tz,  both  expressions  result  in  1, 
and  <  Cr  >— >  AyjRT/v  which  is  the  mean  relative 
velocity  in  an  equilibrium  gas. 

The  mean  collisional  time  and  the  mean  collision 
frequency  v  are  given  by 


Tc  =  l/u  -  l/(<  (TCr  >  n) 

where  cr  is  the  total  collisional  cross-section. 

For  the  limiting  case  of  hard-sphere  molecules 
(cr  =  o-Q  =  cste) 


<  (TCr  >=  (To  <  Cr  >  and 

Tc  =  l/(nao  <  Cr  >). 

We  calculate  the  ratio  of  the  collisional  times 
and  Tc  0  in  gases  with  ellipsoidal  distribution  func¬ 
tion  (temperatures  Tx,Ty,Tz)  and  with  maxwellian 
distribution  function  (temperature  T  =  (l/3)(Tr  -I- 
2Tx)),  respectively. 

‘^c.e  _  2'\/T 

~o~  y/T:(\+A{Tx,Tx))' 

The  variation  of  rc,e/rc,o  against  AT/T  is  plotted 
in  Fig.l,  where  AT  =  T:  -  Tc  [Tx  =  T  -  AT/3, 
Tc  =  T  +  2AT/3). 

For  AT  =  0,  Tr  =  Tj  =  T,  ,4  =  1  and  =  rc,o- 

When  AT  increases  (T^  >  Tc),  the  value  of 
increases  monotonically  and  reaches  a  maximum 
value  equal  to  1.15  Tc  q  for  AT  =  3T,  which  cor¬ 
responds  to  Tc  =  0,  Tc  =  3T. 


When  AT  decreases  (T^  <  Tx),  the  value  of  Tc,* 
increases  monotonically  again  and  reaches  a  max¬ 
imum  value  equal  to  1.04  Tc  q  for  AT  =  -(3/2)  T, 
which  corresponds  to  T^  =  0,  T*  =  (3/2)  T. 

In  the  limiting  case  of  hard-sphere  molecules 
with  an  ellipsoidal  distribution  function,  Tc,*  >  Tcfi 
and  differs  by  at  most  15  %  from  an  equilibrium  gas 
estimation  based  on  the  average  temperature  T. 

In  the  other  limiting  case  of  Maxwell  molecules, 
<T  is  proportional  to  c~^  and  Tc  does  not  depend  on 
molecular  velocities.  We  have  always  Tc^e  =  Tc^. 

Thus  for  realistic  gases  the  mean  collisional  time 
always  surpasses  the  equilibrium  one  and  can  be 
estimated  from  the  mean  temperature  with  an  ac¬ 
curacy  better  than  15%. 

The  quasigasdynamic  (QGD)  equations  [1]  intro¬ 
duce  a  translational  relaxation  time  r  =  p/p  where 
p  is  the  viscosity  coefficient  and  p  the  pressure. 
For  VHS  molecules  characterized  by  p  oc  T“, 
intermediate  between  hard-sphere  (ui  =  1/2)  and 
Maxwell  (w  =  1)  molecules,  the  ratio  t/tc  is  a 
function  of  ui  only.  Thus  the  above  conclusion  for 
Tc  holds  also  for  r.  When  solving  QGD  equations 
in  their  three-temperature  formulation,  results  are 
nearly  indistinguishable  whether  the  expression  for 
T  accounts  for  anisotropy  or  not. 


Figure  1:  Variation  of  collisional  time  with  transla¬ 
tional  nonequilibrium  (hard-sphere  molecules) 
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Transport  phenomena  in  magnetized  plasmas  * 
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1  Introduction 

We  here  look  for  the  macroscopic  behaviour  of  a 
mixture  composed  of  electrons  and  of  one  species  of 
ions.  The  starting  point  of  the  study  is  the  coupled 
system  formed  by  the  kinetic  equations  associated 
with  each  of  the  two  species  of  the  mixture:  these 
are  Vlasov  equations  with  source  terms  of  Fokker- 
Planck  type  which  model  either  the  intra-species 
collisions  or  the  collisions  with  the  particles  of  the 
other  species.  This  study  which  started  in  (1)  in 
the  homogeneous  case,  was  then  extended  to  the 
inhomogeneous  case  in  [2]  and  [3].  The  present  case 
is  more  general,  since  it  includes  the  presence  of  a 
magnetic  field.  We  also  give  a  mathematical  frame 
in  order  to  justify  the  asymptotic  expansions  used 
to  derive  the  limit  fluid  model. 


2  The  scaled  kinetic  equations 

We  introduce  a  small  parameter  e  which  represents 
the  square  root  of  the  mass  ratio  between  the  two 
species  (the  index  L  is  related  to  the  light  species, 
i.e.  the  electrons,  and  the  index  H  represents  the 
ions):  e  =  .  The  distribu¬ 

tion  function  /“  =  f°‘{t,x,v)  of  the  a  species  (a 
and  /?  denote  each  one  of  the  indices  L  or  H)  satis¬ 
fies  the  following  Vlasov-Fokker-Planck  equation 


Qfo  fo 

+  v-V,/®  + - Vv/“ 

di  m® 


where  F®  =  F°{t,x,v)  =  q°  [F(t,i)  -i-  u  A  B(t,r)] 
denotes  the  Lorentz  force.  The  Fokker-Planck  op¬ 
erators  and  Q°'^  represent  all  the  collisions  of 
a  a  particle  with  the  particles  of  the  same  species 
or  of  the  other  species  respectively.  We  suppose  the 
two  following  hypothesis: 

-  the  interacting  potentials  between  the  differ¬ 
ent  species  are  all  of  the  same  order  of  magni- 
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tude,  SO  that  the  scatterring  cross-sections  only  de¬ 
fer  through  the  masses 

-  the  two  species  have  temperatures  and  densities 
of  the  same  order  of  magnitude;  we  denote  them 
respectively  by  no  and  Tq. 

We  deduce  that  the  thermal  velocities  defined  by 
V®  =  y/kaTo/m^ ,  kg  being  the  Boltzmann  con¬ 
stant,  satisfy  =  eV^.  We  then  have  a  "double 
scaling” 


V”=eV^, 

concerning  the  masses  and  the  velocities. 

Choosing  a  set  of  some  relevant  characteristic  phys¬ 
ical  sizes,  we  scale  the  above  kinetic  equations.  This 
puts  in  evidence  the  order  of  magnitude  of  the  dif¬ 
ferent  collision  operators  as  well  as  that  of  the  trans¬ 
port  terms.  More  precisely,  let  us  denote  by  to  the 
characteristic  collision  time  of  the  light  species  (note 
that  to/e  is  the  characteristic  collision  time  of  the 
heavy  particles)  and  by  Lo  the  common  mean  free 
path  of  the  two  species.  Let  us  choose  an  electric 
field  unit  Fo  and  a  magnetic  field  one  Bq  such  that 
EqLo  =  ksTo  and  V^Bo  =  Eo-  At  the  kinetic  scale 
{to,  Lo,  Eo,  Bo)  of  the  light  species,  the  equations 
write  (the  intra-species  collision  operators  still  de¬ 
pend  on  e) 

^  -I- 

dt 

^QLLi^fL  jL)  ^ 

^  +  e[v"-V,/"  4-  F”  V.Hf"] 

=  5[g"^‘(/"./^)-i-Q""(/",/")], 

with  F^  =  F  -f  A  B  and  F^  =  F  -I-  ev^  A  B. 

3  Hilbert  and  Chapman- 

Enskog  expansions 

We  describe  the  evolution  of  the  mixture,  by  con¬ 
sidering  "expanded”  time-space  and  force  scales. 
The  most  interesting  scale  is  (to/e^,Lo/£,£Eo,Bo)'. 
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it  is  in  fact  an  hydrodynamic  scale  for  the  heavy 
species  and  a  diffusive  one  for  the  light  particles. 
Although  these  results  exactly  correspond  to  the 
classical  mono-species  theory  applied  to  any  of  the 
two  species,  let  us  note  that  we  do  not  need  here 
any  additional  condition,  like  incompresssibility:  in 
fact,  the  very  rapid  relaxation  towards  0  of  the  mean 
velocity  of  the  light  species,  makes  that  the  convec¬ 
tion  terms  of  the  light  species  are  of  order  1  instead 
of  being  of  order  1/e. 

By  an  Hilbert  expansion,  we  obtain  at  this  scale  a 
coupled  system  made  of  classical  Euler  compress¬ 
ible  equations  for  the  density,  mean  velocity  and 
temperature  of  the  heavy  species,  coupled  with  dif¬ 
fusion  equations  for  the  density  and  temperature  of 
the  light  particles.  The  coupling  appears  on  one 
hand  through  reacting  terms  in  the  right  hand  side 
of  the  equations,  which  represent  the  transfers  of 
impulse  and  energy  between  the  two  species;  on  the 
other  hand,  through  various  transport  coefficients. 
A  Chapman-Enskog  expansion  allows  to  compute 
corrective  terms,  of  order  e,  in  the  gas  dynamic 
equations  for  the  heavy  species;  the  expression  of 
the  viscous  and  thermal  diffusion  terms  are  exactly 
the  same  as  in  the  monospecies  theory.  A  simi¬ 
lar  Chapman-Enskog  expansion  for  the  light  species 
does  not  give  any  supplementary  term. 

Finally,  we  can  write  this  model  in  a  conservative 
form.  We  then  obtain  a  coupled  system  of  com¬ 
pressible  Navier-Stokes  equations  in  which  the  in¬ 
ertial  and  viscosity  terms  of  the  light  species  have 
been  neglected.  Concerning  the  heavy  particles,  the 
viscous  strain  tensor  and  the  heat  flux  are  both  of 
order  e. 

4  Mathematical  justification 

In  order  to  justify  the  previous  Hilbert  expansion, 
we  study  the  linearized  operator  associated  with 
the  light  species.  This  operator  is  the  sum  of  three 
operators:  a  classical  mono-species  Fokker-Planck 
operator,  an  operator  of  diffusion  type  which  is  con¬ 
nected  to  the  heavy  species  only  through  its  density, 
and  finally  an  antisymmetric  operator  due  to  the 
magnetic  field. 

We  first  study  the  solvability  properties  of  equations 
of  the  type  The  main  difficulties  are  to 

show  that  the  operator  F^  is  closed  and  of  closed 
range.  The  presence  of  an  antisymmetric  operator 
does  not  allow  to  use  classical  perturbation  tech¬ 
niques;  we  thus  decide  to  work  in  terms  of  maximal 
accretive  operators.  The  analysis  is  completely  car¬ 
ried  out  in  the  case  of  hard  potentials.  It  is  done 
in  the  frame  of  type  spaces  which  are  weighted 


by  a  centered  Maxwellian  (i.e.  of  zero  mean 
velocity),  namely  in  {<p,  ipM^dv  <  -l-oo}. 

We  give  necessary  and  sufficient  conditions  for  the 
solvability  of  equations  T^(p  —  ip.  We  also  show  two 
types  of  regularity  results  for  the  eventual  solutions 
ip.  All  the  results  we  obtain  are  also  valid  for  the  lin¬ 
earized  operator  associated  with  the  heavy  species, 
since  this  one  is  the  classical  mono-species  Fokker- 
Planck  linearized  operator.  These  properties  allow 
to  completely  justify  the  Hilbert  expansion;  we  can 
also  justify  the  Champan-Enskog  expansion  for  the 
heavy  species. 
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1  Introduction 

The  detonation  is  usually  studied  as  a  shock  driven 
by  the  energy  release  of  an  exothermic  chemical 
reaction  in  a  high  speed  compressible  flow.  The 
governing  equations  describing  the  system  are  the 
hyperbolic  Euler  equations  of  inviscid  compressi¬ 
ble  flow  with  chemical  recation  added.  In  the 
literature,  detonation  models  so  far  available  are 
the  earliest  due  to  Chapman-Jouguet,  for  instanta¬ 
neous  irreversible  reaction,  and  the  one  due  to  Zel- 
dovich,  von  Neumann  and  Doering  (2ND),  for  non- 
-instantaneous  irreversible  reaction.  Extensions  of 
ZND  model  to  more  complicated  reacting  processes 
can  be  found  in  the  book  [1]  by  Davis  and  Fickett. 
Within  discrete  kinetic  theory  extended  to  chemi¬ 
cally  reacting  gases,  a  general  mathematical  proce¬ 
dure  haus  been  proposed  in  order  to  solve  detonation 
problems  within  discrete  velocity  models  for  chemi¬ 
cally  reacting  gases.  Steady  detonation  waves  have 
been  characterized  for  gases  undergoing  to  one  re¬ 
versible  reaction  of  bimolecular  type  [2]  or  autocat- 
alytic  type  [3].  Moreover,  in  paper  [3],  the  sonic 
properties  of  the  flow  in  thermodynamical  equili¬ 
brium  conditions  have  been  studied.  In  a  more  re¬ 
cent  paper  (in  progress),  the  one-dimensional  sta¬ 
bility  has  been  formulated  in  discrete  kinetic  the¬ 
ory,  with  the  aim  of  investigating  the  stability  of 
the  detonation  solutions  obtained  in  [2,  3].  At  this 
end,  the  approach  to  linear  stability  due  to  Lee  and 
Stewart  has  been  followed  [4].  Discrete  models  al¬ 
low  to  study  the  detonation  at  a  microscopic  level 
and  recover,  at  a  macroscopic  scale,  the  main  results 
obtained  for  classical  detonation  models.  At  the 
same  time,  they  have  a  rather  simple  mathematical 
structure  so  that  their  equations  can  be  numerically 
solved  in  order  to  evaluate  some  relevant  physical 
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quantities  in  such  phenomenology. 

In  this  work  some  detonation  results  are  presented 
for  either  bimolecular  and  autocatalytic  reactions, 
providing  the  characterization  of  the  complete,  as 
well  as  the  wave  thickness  for  different  detonation 
velocities  and  the  speeds  of  sound . 

Euler  equations  of  the  model 
After  determining  the  collision  invariants  of  the  dis¬ 
crete  velocity  model  and  defining  the  progress  varia¬ 
ble  A,  which  specifies  the  chemical  composition  of 
the  system,  the  kinetic  equations  lead  to  the  rate 
and  conservation  equations  of  the  model.  The  de¬ 
finition  of  the  collision  invariants  allows  also  to  de¬ 
duce  the  chemical  equilibrium  condition,  as  well 
as  to  characterize  the  states  of  Maxwellian  (me¬ 
chanical)  equilibrium  and  complete  thermodynam¬ 
ical  equilibrium,  crucial  for  the  detonation  prob¬ 
lem  Conservation  and  rate  equations,  when  re¬ 
ferred  to  the  Maxwellian  equilibrium,  constitute  the 
closed  set  of  reactive  Euler  equations  of  the  model. 
They  govern,  at  microscopic  level,  the  reacting  gas 
in  Maxwellian  equilibrium  and  chemical  disequili¬ 
brium  conditions.  At  last,  the  kinetic  formulation 
of  the  governing  equations  allows  to  study  the  deto¬ 
nation  at  a  microscopic  scale  and  comparisions  with 
results  known  from  experimental  works  are  possible 
once  the  macroscopic  variables  are  evaluated. 

2  Steady  Detonation  Waves 

According  to  the  ZND  description  of  a  steady  deto¬ 
nation,  a  planar  shock  wave  propagates  with  cons¬ 
tant  velocity  P  into  an  unreacted  gas.  The  in¬ 
coming  wave  raises  the  pressure  and  density  of  the 
initial  state  I  to  very  high  values,  triggering  an 
exothermic  chemical  reaction  which  proceeds  in  the 
reaction  zone  following  the  wave.  The  reacting  gas 
evolves  from  the  von  Neumann  state  N,  where  the 
reaction  starts,  to  the  final  state  F,  where  the  che- 
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mical  reaction  reaches  the  equilibrium  conditions. 
The  different  domains  correspond  to  different  dis¬ 
crete  velocity  models.  The  detonation  problem  con¬ 
sists  first,  in  characterizing  the  relevant  states  N,  F, 
and  intermediate  R,  for  given  detonation  velocity 
V  and  initial  state,  and  finally,  in  determining  the 
following  flow  connecting  the  final  state  to  the  the 
assigned  rear  boundary  [2,  3].  The  solution  to  the 
first  part  is  obtained  from  the  Rankine-Hugoniot 
conditions  and  rate  equation.  The  sonic  properties 
of  the  flow  at  the  final  state  are  crucial  to  solve  the 
second  part  [3] .  The  Hugoniot  diagram  of  the  model 
can  be  constructed  for  given  state  I  and  D  belon¬ 
ging  to  the  admissible  computed  range  [2,  3].  The 
detonation  wave  thickness  is  computed  as  the  width 
of  the  reaction  zone,  integrating  the  rate  equation 
with  suitable  initial  data. 


3  Numerical  Results 


Table  1:  Von  Neumann  and  final  states 


Bimolecular  Reaction 

von  Neumann  state 

Final  state 

V 

Vff/Vo 

p/v/po 

v^/vo 

Pp/Po 

0.4450 

0.9171 

5.4105 

0.9658 

3.3520 

0.5200 

0.9000 

7.8736 

0.9286 

5.8132 

0.6400 

0.8635 

13.5389 

0.8995 

8,9675 

0.7200 

0.8266 

19.4421 

0.8759 

12.0557 

0.8000 

0.7685 

28.8529 

0.8402 

17.0956 

Autocatalytic  Reaction 

von  Neumann  state 

Final  state 

V 

Vj^/Vo 

Pft/Po 

v^/vo 

Pp/Po 

0.7761 

0.8151 

35.3517 

0.8827 

28.9505 

0.7800 

0.8122 

36.1514 

0.8696 

31.8312 

0.7850 

0.8083 

37.2105 

0.8596 

34  1613 

0.7900 

0.8042 

38.3112 

0.8512 

36.1557 

0.8050 

0.7910 

41.8768 

0.8295 

41.5785 

Table  2:  Wave  thickness 


Bimolecular  Reaction 

0.4450 

0.5200  0.6400  0.7200 

0.8000 

ii 

26,8296 

8.7660  6.2156  4.5500 

3.3748 

Autocatalytic  Reaction 

0.7761 

0.7800  0.7850  0.7900 

0.8050 

A 

35.0547 

25.7889  22  5999  20.3111 

13.8899 

The  reacting  Hydrogen-Oxygen  system  is  conside¬ 
red,  with  reference  to  the  elementary  reactions 

H  -t-  O2  OH  O  (1) 

0H-|-MT=iH-l-0-|-M,  M  =  H,0,0H  (2) 

which  occur  in  the  branching  chain  reactions  of  H2- 
-O2  system.  From  the  experiments  (see,  for  instan¬ 
ce,  Ref.  [1],  it  is  well  known  that  (1)  is  an  impor¬ 
tant  reaction  of  the  H2-O2  system,  through  which 
the  radicals  OH  and  0  are  formed  from  a  stable 
species  Oo  and  a  radical  H.  This  reaction  occurs 
in  the  thermally  neutral  induction  stage  of  the  H2- 
-O2  combustion  and  proceeds  very  quickly;  the  cor¬ 
responding  equilibrium  final  state  is  reached  in  few 
time  and  a  small  wave  thickness  is  observed.  On  the 
other  hand,  reaction  (2)  occurs  in  the  second  stage 
of  the  H2-O2  combustion,  which  involves  slower 
exothermic  autocatalytic  reactions.  The  pressure 
and  density  reach  very  high  values  and  an  exten¬ 
sive  reaction  zone  is  found. 

Table  1  shows  the  jumps  of  specific  volume  and 
pressure,  and  table  2  shows  the  detonation  wave 
thickness  0  for  different  values  of  V.  The  Jumps  on 
pressure  and  density  p  =  \/v  are  greater  for  the 
autocatalytic  reaction  (2),  and  the  length  of  the 
reaction  zone  is  smaller  for  the  bimolecular  reac¬ 
tion  (1).  The  numerical  results  of  the  proposed 
kinetic  approach  satisfactorily  agree  with  the  be¬ 
haviour  predicted  by  the  classical  theory  and  ex¬ 
perimental  works  [1], 
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1  Introduction 

The  initiation  of  stochastics  in  flows  of  liquid,  i.e. 
their  turb'ulencing  is  explicable  on  the  basis  of  the 
existence  of  so-called  strange  attractors  at  dissipa¬ 
tive  deterministic  systems  [1].  The  strange  attrac¬ 
tor  is  understood  as  set  in  a  phase  space  of  the 
system,  having  complex  structure,  as  a  rule,  of  frac¬ 
tional  Hausdorff’s  dimention  to  which  the  trajecto¬ 
ries  of  the  system  are  attracted  in  the  course  of  time. 
The  behaviour  of  the  system  on  this  set  has  casual 
unpredictable  character,  described  by  probabilistic 
functions  of  distribution.  In  the  report  is  considered 
perhaps  the  simplest  example  of  flow  chaotisation  - 
free  molecular  flow  of  gas  in  a  vessel. 

2  Reduction  to  iteration 
scheme 

Ciiven  the  reflecting  properties  of  walls  of  a  ve,ssel, 
i.e.  the  factors  of  an  exchange  by  normal  p  and  tan¬ 
gent  r  pulses,  one  can  construct  the  simple  model  of 
reflection  (ray  model  of  reflection),  which  is  a  gen¬ 
eralization  for  the  specular  reflection  one.  Namely, 
incident  and  reflex  rays  lay  in  the  same  plain  with 
normal  to  wall  in  a  point  of  collision  of  gas  atom 
with  wall  as  well  as  the  angles  of  incidence  t?'  and 
reflection  t?  are  related  by  the  dependence  [2] 

tan  t?  =  (2  sin  d'  cos  i?'  —  r)/(p  -  2  cos^  t?') 

Here  p  and  r  are  the  functions  of  t?'.  There  are 
for  them  the  simple  semi-empirical  formulas  type  of 
modificated  Newton’s  formula  or  approximations  of 
the  theory  of  local  interaction  [3],  so  that  the  right 
part  can  be  represented  by  a  function  of  the  form 
/(tan  d'). 

Elementary  geometrical  reasons  for  specific  forms  of 
vessels  permit  to  express  tan  t?'  through  tant?i_i; 
tan  t?{  =  ^(tanr?i_i),  where  the  bottom  index 
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marks  serial  number  of  atom  collisions  with  the  sur¬ 
face  of  a  vessel.  Finally,  angle  of  reflection  at  colli¬ 
sion  with  number  i  is  connected  to  angle  of  incidence 
at  previous  collision  as 

tantf,  =  /(v>(tan  =  F’(tan)?,_i) 

The  problem  has  been  reduced  to  iteration  scheme, 
hence  it  can  be  decided  by  methods  of  non-linear 
dynamics  (theory  of  attractors)  [1], 

3  Numerical  calculations 

In  particular,  given  free  molecular  flows  in  a  plane 
tunnel  there  is  <p{x)  —  x,  given  some  into  a  wedge 
with  angle  of  solution  /?  there  is  i9'  =  —  /?  i,  e. 

(p{x)  =  (x  —  tan;0)/(l  -f  X  ■  tan /d)  etc.  We  have 
used  of  the  three-parametrical  approximation  of  lo¬ 
cal  interaction  theory  to  obtain  p  and  r  [3].  For 
the  flow  in  a  plane  tunnel  we  have  obtained  to  exist 
with  according  to  the  relationship  among  approx¬ 
imation  parameters  both  the  usual  (deterministic) 
attractors  of  various  periods  on  i  and  the  chaotic 
attractors  with  fractional  dimension  turned  by  cas¬ 
cade  of  Feigenbaum’s  bifurcations  [4],  [5].  Thus, 
the  situation  is  essentially  equivalent  that  observed 
in  iterations  of  logistic  equation.  After  runing  up 
to  the  chaotic  attractor,  an  initial  flow  of  atoms 
moving  with  identical  velocities  give  the  probabilis¬ 
tic  distribution  of  atom  velocity  on  the  exit  from 
enough  long  tunnel  ,  i.e.  a  laminar  flow  is  turbu- 
lented.  This  effect  is  caused  by  nonlinear  law  of 
atom  interactions  with  a  wall  and  sufficient  tunnel 
length.  The  latter  needs  to  be  run  up  to  the  attrac¬ 
tor  an  iteration  scheme,  i.e.  the  atoms  are  to  be 
reflacted  from  walls  sufficient  times. 

A  similar  pattern  is  observed  in  a  flow  into  a  wedge 
but  the  tunnel  blocking  effect  is  replaced  by  the 
dynamic  adsorbtion  one  when  with  parameters  of 
the  flow,  after  scattering  from  walls  times  out  of 
number  the  atom  tends  to  the  vertex  of  a  wedge. 
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1  Introduction 

Interest  to  Burnett  equations  has  much  grown  at 
Icist  time.  The  cause  is  that  the  accuracy  of  Bur¬ 
nett  equations  for  a  number  of  problems  has  turned 
out  to  be  well  above,  than  the  accuracy  of  Navier- 
Stokes  equations.  It  was  demonstrated,  in  partic¬ 
ular,  for  problems  of  sound  propagation  and  when 
investigating  the  structure  of  a  strong  shock  wave. 

However,  full  Burnett  equation  system  has  some  in¬ 
herent  lacks.  It  needs  for  the  additional  boundary 
conditions  owing  to  the  increase  of  a  system  order, 
but  strict  enough  theory  for  obtaining  of  such  con¬ 
ditions  is  not  developed.  Also,  the  full  equation 
system  is  unstable  for  short-wave  perturbations.  To 
suppress  these  perturbations  the  additional  damp¬ 
ing  terms  was  included,  aggravating  the  problem  of 
boundary  conditions. 

The  modification  of  the  Chapman-Enskog  method 
was  proposed  by  Grad  to  get  out  of  this  crisis. 
The  re-expansion  of  the  Chapman-Enskog  method 
equations  chain  about  the  Navier-Stokes  equations 
with  respect  to  Knudsen  number  A'ri  <<  1  was  sug¬ 
gested.  As  a  result  the  differenial  operator  of  the 
derived  equation  system  is  the  same  as  the  steady 
Navier-Stokes  operator,  and  the  order  of  a  system 
is  not  increased.  However,  tl>e  accuracy  of  such  a 
procedure  is  doubtful  for  problems,  in  which  Navier- 
Stokes  equations  have  low  accuracy. 

The  analysis  of  some  modifications  of  Burnett  equa¬ 
tions  is  given  in  present  report.  Modifications  were 
carried  out  by  means  of  selection  of  suitable  ba¬ 
sis,  which  was  used  to  built  a  perturbation  method. 
The  obtained  non-uniform  equation  systems  are 
stable  for  short-wave  perturbations  and  have  ac¬ 
curacy  not  worse,  than  the  full  Burnett  equation 
system.  The  order  of  these  system  equations  is  not 
higher  than  that  of  Navier-Stokes  equations,  so  no 
additional  boundary  conditions  are  nece.ssary. 
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2  Method 

Instead  of  Burnett  equations  a  system  of  following 
equations  can  be  used 

Where  Z-i(E)-  Navier-Stokes  equations,  LqI^)- 
Burnett  equations.  Ga.sdynamic  variables  are  desig¬ 
nated  as  E.  Eo  is  the  solution  of  uniform  equations 

Ai(Eo)  +  4‘>(Eo)  =  0, 

L\  ’  contains  the  terms  of  pjj-  and  q]'’  with  all  the 
second  derivatives  and  with  some  of  binary  products 
of  the  first  derivatives.  includes  the  rest  of  Bur¬ 

nett  terms.  Thus,  the  basis  is  not  the  Navier-Stokes 
system  L\,  but  the  truncated  Burnett  equation  sys¬ 
tem  L\  +  l[^\  As  it  is  shown  below,  such  a  system 
gives  practically  the  same  results  for  a  number  of 
problems,  as  the  full  Burnett  equation  system. 

3  Comparison  of  Different 
Perturbation  Methods 

To  demonstrate  the  features  of  various  perturba¬ 
tion  methods  of  the  Boltzman  equation  solution, 
the  comparison  of  results  given  by  these  methods 
with  the  experimental  data  for  a  problem  of  sound 
propagation  is  done.  Especial  attention  was  paid 
to  the  Chapman-Enskog  method.  The  dispersion 
relations  are  obtained  by  all  the  methods. 

For  the  sound  mode,  investigated  experimentally, 
the  Chapman-Enskog  method  gives  approximations 
of  wave  number  k{Kn),  containing  out  of  the  order 
of  Knudsen  number  terms.  This  results  in  that  the 
Navier-Stokes  approximation  heus  rather  wide  area 
of  applicability.  The  Burnett  approximation  ex¬ 
pands  the  domain  of  macroscopic  description  with 
respect  to  the  Navier-Stokes  equations.  However, 
owing  to  increase  of  a  dispersion  equation  order, 
this  approximation  gives  an  extra  mode,  the  sta¬ 
tus  of  which  is  not  defined,  and  the  statement  of 
boundary  conditions  is  not  clear. 
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Gilbert  method  gives  a  chain  of  non-uniform  Euler 
equations,  that  after  transformations  coincides  with 
the  solution  of  Chapman-Enskog  method,  if  in  this 
method  the  out  of  order  terms  of  the  expansion  of 
k{Kn)m  a  series  on  Kn  powers  are  neglected.  How¬ 
ever,  the  segment  of  this  series  corresponding  to  the 
Burnett  approximation  has  much  smaller  applica¬ 
bility  range  of  Kn  than  the  Burnett  approximation 
and  even  Navier-Stokes  approximation. 
Modification  of  Chapman-Enskog  method  is  consid¬ 
ered,  in  which  instead  of  Burnett  equations  the  non- 
uniform  Navier-Stokes  equations  are  solved.  The 
results  obtained  are  close  to  the  Burnett  where  the 
Burnett  equations  are  in  good  agreement  with  ex¬ 
perimental  data.  The  number  of  modes  is  the  same, 
as  in  Navier-Stokes  approximation.  The  accuracy  of 
such  modification  is  close  to  accuracy  of  the  solu¬ 
tion  of  Burnett  equations  in  the  total  area  of  their 
applicability. 

4  Numerical  Results:  Strong 
Shock  Wave  Structure 

The  accuracy  of  our  modifications  is  also  examined 
by  the  problem  on  a  strong  shock  wave  structure 
as  an  example.  The  results  of  calculations  were 
compared  with  well  known  results  of  the  solution 
of  Navier-Stokes  equations,  Burnett  equations  and 
solution  of  Boltzmann  equation  by  method  of  di¬ 
rect  simulation  (Monte  Carlo).  It  is  shown,  that 
a  system  of  non-uniform  truncated  Burnett  equa¬ 
tions  satisfies  to  the  requirements  specified  above. 
Such  a  system  is  obtained  from  the  full  Burnett 
equation  system,  in  which  senior  derivatives  and 
the  that  terms  of  pJjSvhicli  are  proportional  to  the 
square  of  temperature  gradient,  are  included  in  a 
non-uniform  part,  computed  by  the  solution  of  a 
uniform  truncated  system  (Burnett  equations  with¬ 
out  the  specified  terms). 

This  system  gives  practically  the  same  results  for 
the  strong  shock  waves  structure  rus  is  given  by  the 
full  Burnett  system  in  the  range  of  Max  number 
M  ■=  1.5—50.  The  maximum  error  takes  place  in 
forward  wing  of  a  temperature  profile,  as  well  as  it 
is  for  a  full  Burnett  equation  system. 

Also,  the  other  more  exact  macroscopic  model  is 
proposed,  giving  for  structures  of  a  strong  shock 
wave  practically  the  same  results  in  the  range  M  = 

5  —  50,  as  compared  with  the  direct  simulation 
method.  It  is  derived  by  adding  the  sertain  super- 
Burnett  terms,  by  discarding  some  Burnett  mem¬ 
bers  and  by  varying  of  coefficients  of  the  retained 
terms.  The  equations  of  the  model  developed  are 


much  simplest  then  the  Burnett  and  the  super- 
Burnett  equations,  and  are  very  exact.  The  aspects 
of  hypersonic  stabilization  of  shock  waves  are  also 
considered. 

Some  results  of  calculations  for  maxwelian 
molecules  and  the  molecules  -  hard  spheres  at 
Af  =  11  are  shown  in  Figs.l  and  2  respectively 
as  the  dependencies  of  normalized  temperature 
and  density  on  the  ratio  of  distance  to  the  mean 
free  path  in  front  of  the  shock  wave.  The  curves 
1  denotes  the  Navier-Stokes  solution,  2  -  Burnett 
solution,  3  -  our  modification  of  Burnett  equa- 
tionopen,  4  -  our  macroscopic  model,  open  circles 
5  -  direct  simulation  method. 


Figure  1:  Shock  structure  for  maxwellian  molecules 


Figure  2:  Shock  structure  for  hard  spheres 
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The  Interaction  Potential  of  Carrier  Rarefied  Gas  Molecules  with 

Dispersed  Particle  * 

V.Ya.  Rudyak,  S.L.  Krasnolutskii 

Novosibirsk  State  University  of  Civil  Engineering,  Novosibirsk,  Russia 


1  Introduction 

The  potentials  of  the  interparticles  interaction  are 
the  basis  of  the  many  particles  statistical  mechanics 
and  kinetic  theory  in  particular.  There  are  no  such 
potentials  for  heterogeneous  medium.  In  particu¬ 
lar,  the  potentials  of  carrier  medium  (gas,  liquid  or 
plasma)  molecules  with  dispersed  particles  have  not 
been  constructed  yet.  The  object  of  the  present  pa¬ 
per  is  the  derivation  of  the  interaction  potential  of  a 
hard  dispersed  particle  with  an  isolated  carrier  gas 
molecule.  Thus  it  is  supposed  that  required  poten¬ 
tial  is  a  pair  one.  It  is  true  certainly  on  condition 
a  carrier  gas  is  rarefied  enough.  In  addition  it  is 
supposed  that  the  molecule  charge  was  uniformly 
distributed  over  whole  volume  of  the  particle.  Such 
assumption  had  been  usually  made  when  molecule 
-  hard  surface  potential  was  simulated  (see  for  ex¬ 
ample  [1]). 

2  Interaction  potential  of 
molecule  with  dispersed 
particles 


summed  of  the  interaction  of  this  molecule  with  all 
atoms  of  crystal  lattice  of  surface.  We  shall  realize 
similar  approach  in  this  paper  for  simulation  of  the 
molecule-dispersed  particle  interaction  potential. 
Let  us  considering  the  dispersed  particle  to  be  ho¬ 
mogeneous  and  spherical  and  R  is  the  radius  of  this 
particle.  The  interaction  of  a  molecule  with  a  cer¬ 
tain  atom  t  of  the  considered  hard  surface  is  de¬ 
scribed  by  the  pair  potential  $,(|r  -  f,j),  where  f 
and  Fi  are  the  radius-vectors  of  molecule  and  par¬ 
ticle  respectively.  If  we  suppose  the  molecule  inter¬ 
action  with  the  particle  atoms  is  additive  then  the 
molecule  interaction  potential  with  this  particle  has 
the  form 

*,(f)  =  ^$,(|r-r,|).  (1) 

I 

Here  summation  is  carried  out  over  all  atoms  (or 
molecules)  of  the  particle.  We  will  assume  that  the 
interaction  of  the  molecule  with  an  individual  atom 
of  a  particle  is  central  and  it  is  described  by  the 
Lennard-Jones  12-6  type  potential. 


«I>.(|r1)  =  4s 


(2) 


In  a  general  case  the  molecule  interaction  with  the 
dispersed  particle  is  a  very  complicated  proce.ss.  It 
is  necessary  to  solve  respective  quantum  mechan¬ 
ics  problem  for  derivation  of  formulae  describing 
such  interaction.  However  the  molecule-particle 
interaction  can  be  described  claussically  by  means 
of  a  model  potential  function  in  a  wide  region  of 
variation  parameters  of  two-phase  fluid.  Namely 
such  an  approach  will  be  used  in  the  present  paper. 
The  similar  models  are  successfully  used  in  differ¬ 
ent  aerospace  applications  and  in  certain  techno¬ 
logical  spheres.  The  simulation  idea  is  very  simple 
that  it  is  one  of  the  most  important  advantage  of 
given  approach.  It  is  supposed  that  the  interaction 
potential  of  a  gas  molecule  and  a  hard  surface  is 


We  shall  use  another  form  of  this  potential  too 


♦.(|r1) 


^  C'm 

|.I2  r®  ~  r”* 

m=6,12 


(3) 


In  a  general  case  we  can  not  find  the  sum  of  the 
series  (1)  therefore  the  summation  in  formula  (1)  is 
usually  replaced  by  the  integration.  Physically  it 
is  meant  that  the  considered  hard  particle  is  simu¬ 
lated  by  the  continuum  model.  As  a  result  it  can  be 
shown  that  the  effective  potential  of  a  gas  molecule 
with  hard  dispersed  particle  is  described  by  the  fol¬ 
lowing  formula 

^baii{r)  =  $9(*')  -  ^3(r),  (4) 

where 
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9/1  1 

8r\^(r-fi)8  (r  +  R)8 
“  ^|((r-ii)3  “  (r  +  R)^) 

_  _ L_U. 

2r\(r-Ry  {r+R)^)j- 

3  Combining  rules 

To  use  the  formula  obtained  in  the  previous  section 
for  the  calculation  of  the  interaction  potentials  of 
the  carrier  gas  molecules  and  the  dispersed  particles 
it  is  necessary  to  know  the  parameters  of  the  inter¬ 
action  pair  potential  of  this  molecules  with  an  atom 
(molecule)  of  the  particle.  In  particular,  it  is  the 
Lennard-Jones  potential  used  here.  Obviously  the 
parameters  in  intermolecular  potential  function  are 
determined  by  the  experimental  data  of  the  trans¬ 
port  or  virial  coefficient  measurements.  It  is  possi¬ 
ble  to  do  it  with  good  accuracy  and  methodically 
strictly  for  the  molecules  of  the  same  matter.  Usu¬ 
ally  the  combining  rules  are  used  to  calculate  the 
potential  parameters  of  the  unlike  molecules.  These 
rules  permit  to  determine  the  interaction  potential 
parameters  of  the  unlike  molecules  if  the  same  pa¬ 
rameters  of  the  like  molecules  are  known.  Naturally 
we  can  determine  such  rules  when  the  same  poten¬ 
tial  model  is  used  for  each  component  molecules  and 
for  the  unlike  ones.  In  present  section  the  known 
combining  rules  and  the  original  ones  are  discussed. 
It  was  shown  that  from  practical  point  of  view  the 
following  combining  rules 

(Tij  —  <Tj , 

and 

1,  ,  ^ _ 

O'ij  —  2'^’  ~ 

^ij  ~  I  —  y/^ii^jj  • 

are  the  most  convenient  ones.  The  testing  of  these 
and  certain  other  combining  rules  with  the  use  of 
the  known  experimental  data  of  diffusion  coeffi¬ 
cients  was  carried  out. 


which  consist  of  metal  atoms  and  gas  ones  were  con¬ 
sidered.  In  particular,  we  consider  certain  type  of 
molecule  clusters  in  condensing  flows  as  dispersed 
particles.  Then  using  the  constructed  interaction 
potential  between  the  hard  particle  and  the  carrier 
gas  molecules  we  calculate  the  aerodynamic  drag  of 
a  small  particle  in  a  free  molecule  flow.  We  con¬ 
sider  the  different  sizes  of  particles  (from  10~^  cm 
to  10“^  cm).  The  obtained  results  are  compared 
with  the  known  experimental  data. 
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4  Discussion  and  conclusion 

In  conclusion  the  applicability  region  of  the  con¬ 
structed  model  is  discussed.  The  tables  of  the  in¬ 
teraction  molecule-particle  potentials  for  different 
carrier  gas  molecules  and  material  of  the  particles 
are  given.  The  dispersed  particles  the  molecules  of 
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Translational  Relaxation  in  a  Gas  Composed 
of  Non-  Spherical  Molecules  * 
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It  is  well  known  that  analytical  solutions  to  the  Boltzmann  equation  are  limited,  although 
the  case  of  equilibrium  has  been  extensively  studied.  The  equilibrium  solution  resulting  in 
the  classical  Maxwell-Boltzmann  distribution  requires  certain  constraints,  such  as 
molecular  chaos  (see  for  example[l,2]).  One  particular  mathematical  limitation  on 
solutions,  which  is  frequently  overlooked,  is  that  the  molecular  potential  (required  within 
the  collision  integral  to  yield  the  Maxwellian)  should  be  spherically  symmetric. 
Mathematical  complexity  introduced  by  aspherical  forces  leads  to  substantial  difficulties 
even  in  the  case  of  the  equilibrium  state.  It  is  therefore  surprising  since  the  widespread 
adoption  of  the  Direct  Simulation  Monte  Carlo  method  for  finding  numerical  solutions  to 
engineering  problems  describable  by  the  Boltzmann  equation,  that  little  attention  has  been 
given  to  molecular  models  other  than  those  containing  spherical  symmetry.  Most 
polyatomic  molecules  are  generally  not  spherical  and  it  may  be  assumed  that  the  nature  of 
asphericity  contributes  to  the  way  in  which  energy  may  be  transferred  between 
translational,  rotational  and  vibrational  modes. 

The  general  justification  for  the  adoption  of  spherical  models,  from  the  simplest  rigid 
sphere  to  those  which  are  phenomenologically  based  and  more  able  to  describe  flows,  such 
as  the  VHS  or  VSS  models,  derives  from  a  variety  of  factors.  Such  models  lead  to 
computational  simplicity;  detailed  physical  description  (e  g.  via  quantum  mechanics), 
within  flow  situations  is  beyond  the  capabilities  of  existing  computers;  the  vast  numbers  of 
collisions  which  take  place  in  a  flow  results  in  orientation  averaging,  thus  masking 
aspheric  effects[3].  It  is  further  stated  that  if  appropriate  disposable  parameters  (such  as 
temperature  exponents)  are  assumed,  then  these  simple  models  can  generally  represent 
experimentally  determined  properties  over  a  range  of  temperatures  and  other  conditions 
reasonably  well.  The  very  nature  of  the  VHS  type  model  is  derived  not  from  physics,  but 
from  a  phenomenological  approach.  Further  phenomenological  methodolo^es,  again 
avoiding  detailed  physics,  are  additionally  used  to  incorporate  the  way  in  which  energy  can 
be  transferred  between  modes  of  excitation,  the  most  frequently  adopted  being  the 
Borgnakke-Larsen  model.  Thus  the  overall  methodology  underpinning  the  DSMC 
approach  to  solving  the  collision  integral,  appearing  in  the  Boltzmann  equation,  therefore 
essentially  follows  the  same  line  of  attack  as  that  adopted  earlier,  when  mathematical 
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problems  were  encountered  when  trying  to  solve  the  Boltzmann  equation  analytically, 
namely  two  types  of  state  transformation  processes  are  possible;  the  elastic  and  inelastic 
collision.  The  former  of  these  affects  only  translational  energy,  whilst  the  latter  is 
concerned  with  ‘internal’  energy  modes.  Cleariy,  from  a  physical  viewpoint  (and  as  shown 
from  molecular  dynamics  computations)  it  is  the  detail^  nature  of  the  collision  process 
and  in  particular  the  molecular  orientation  during  the  interaction,  which  will  result  in  the 
transfer  of  energy  between  the  various  degrees  of  freedom. 

Most  experimental  data  relates  to  conditions  not  frr  displaced  from  equilibrium,  other  than 
data  obtained  within  the  structure  of  shock  waves  (wherein  experimental  measurements 
are  difficult  to  gain  which  unambiguously  separate  out  the  effects  of  molecular  properties 
from  the  gas  dynamics).  Since  the  molecular  properties  (e.g.  reference  cross  sections  at 
certain  temperatures,  and  exponents  such  as  (o:  the  temperature  exponent  of  the  coefficient 
of  viscosity)  are  mainly  based  on  near>equilibrium  measurements,  the  ability  of  these  near¬ 
equilibrium  properties  to  depict  far  from  equilibrium  conditions,  should  be  considered  with 
some  caution.  Indeed  since  the  way  in  which  most  DSMC  codes  commence  calculation 
from  an  equilibrium  distribution  ffinction  for  the  single  particle  velocity  distribution, 
adopting  a  spherical  molecular  potential,  a  solution  which  arrives  at  near  equilibrium 
conditions  is  hardly  surprising. 

In  this  paper  two  themes  relating  to  the  above  discussion  are  developed.  These  two 
themes  are  the  influence  of  the  molecular  properties  on  translational  relaxation  and  the 
way  in  which  the  initial  conditions  influence  relaxation,  when  initiation  is  far  from 
equilibrium.  There  have  been  few  reported  simulations  of  relaxation  processes  which  start 
from  a  highly  non-equilibrium  state.  However  it  would  be  anticipated  that  for  system 
states  which  are  near  to  equilibrium,  discrepancies  between  existing  molecular  models  and 
those  which  adopt  aspheric  effects  would  be  small.  The  influence  of  asphericity  upon 
relaxation  is  more  likely  in  the  far  from  equilibrium  state,  and  hence  the  need  to  consider 
far  from  equilibrium  initial  states.  DSMC  simulations  have  therefore  been  performed 
enabling  an  investigation  of  the  influence  of  molecular  properties  upon  relaxation 
processes.  In  this  paper  results  are  reported  on  the  relaxation  (rate  and  the  velocity 
distribution  function)  as  a  function  of  both  molecular  asphericity  and  the  degree  to  which 
the  initial  conditions  reflect  a  non-equilibrium  state.  The  intention  in  this  work  is  not  to 
establish  new,  more  realistic  molecular  models  (with  their  added  computational  overhead), 
rather  it  is  to  consider  how  robust  the  DSMC  procedure  is  in  predicting  properties  far 
from  equilibrium. 
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Three  discrete  dynamical  models  are  used  to  solve 
the  Chandrasekhar  H-equations 

Jo  + 

with  positive  and  negative  characteristic  functions 
rj’.  An  iteration  model  of  the  nth  approximation  for 
the  H-equation  is  discussed: 

j=i 

This  is  a  nonlinear  n-dimensional  dynamical  sys¬ 
tem. 

We  study  the  solutions  of  the  nth  approximation 
and  the  mathematical  structure  and  behavior  of  the 
orbits  with  respect  to  the  characteristic  function. 
The  stability  of  fixed  points  and  stable  and  unstable 
manifolds  passing  through  them  are  explored,  as 
well  as  the  behavior  of  attractors  and  bounded  orbit 
regions.  Bifurcation  phenomena  are  described. 


'Abstrart  5866  submitted  to  the  21st  International  Sym¬ 
posium  on  Rarefied  Gas  Dynamics,  Marseille,  France.  July 
26-31,  1998 


30 


Kinetic  Theory  and  Models  -  KTM  P 


Discrete  Velocity  Models  as  Approximation  of  the  Boltzmann 
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In  the  past  few  years  several  numerical  approaches  were  proposed  to  solve  the 
Boltzmann  equation  in  the  frame  of  Discrete  Velocity  Models  [5, 11,  2,  9, 10].  Let 
us  recall  that  such  models  were  widely  studied  and  developped  in  the  70  —  80* 
aiming  for  modelling  complex  systems  (see  for  example  [3,  4]).  More  recently  one 
has  studied  their  mathematical  link  with  the  Boltzmann  equation  itself  [11,6,  7,  9] 
so  that  the  question  of  approximation  of  solutions  of  the  Boltzmann  equation  by 
DVM  is  now  quite  well  understood.  We  want  therefore  to  focuse  more  here 
on  numerical  issues.  We  are  in  particular  concerned  with  computational  cost 
provided  solving  real  rarefied  gas  problems  is  extensively  CPU  time  and  memory 
consuming. 

A  typical  DVM  computational  effort  in  its  deterministic  version  is  of  order 
0{N^  log  A^)  while  DSMC  only  needs  0{N)  where  N  is  the  number  of  velocity 
points.  It  is  therefore  crucial  to  look  for  techniques  that  can  reduce  that  cost 
of  computation  without  damaging  its  quality.  A  technique  which  is  now  widely 
used  consists  in  introducing  some  “stochasticity”  in  the  computation  of  discrete 
collision  terms  (see  [5,  2,  1,  10])  without  modifying  the  structure  of  DVM  (fixed 
grid  of  velocity  points  in  the  whole  physical  space).  Other  approaches  such  as 
finite  element  methods  or  spectral  methods  may  be  also  studied... 

We  shall  make  in  the  present  talk  a  state-of-the-art  on  DVM  focusing  on 
numerical  issues  with  a  particular  stress  on  acceleration  techniques. 
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Introduction 

About  two  decades  ago  Bobylev  [1]  and,  indepen¬ 
dently,  Krook  and  Wu  [2]  obtained  the  exact  so¬ 
lution  of  Boltzmann  kinetic  equation  (BE)  now  is 
commonly  known  as  BKW-mode.  This  solution  was 
used  by  the  numerous  authors  for  illustration  of 
some  peculiarities  of  the  relaxation  processes  in  one- 
component  gas.  From  this  point  of  view  the  analo¬ 
gous  solutions  for  N-component  gas  mixture  could 
be  of  even  greater  interest.  However,  the  generaliza¬ 
tion  of  BKW-mode  to  binary  gas  mixture  presented 
by  authors  [2]  in  [3]  look  incomplete  even  for  such 
a  simple  case.  Recently,  in  [4]  BKW-  modes  were 
obtained  for  a  binary  gas  mixture  but  only  in  the 
asymptotic  limit  when  the  ratio  of  species  masses 
tends  to  zero.  In  this  case  the  authors  of  [4]  have 
practically  dealt  with  a  single  BE  as  in  [1]. 

In  this  paper  we  present  the  comprehensive  results 
on  BKW-  modes  for  an  arbitrary  A^-component 
mixture  of  monatomic  gases.  They  are  based  on 
the  rigorous  calculation  of  the  widest  Lie  group  of 
the  transformations  admissible  by  the  system  of  BE 
[5]. 


BKW-modes  for  A^-component 
mixture 

We  study  the  system  of  BE  with  Maxwell  molecu¬ 
lar  interaction  model.  The  system  in  terms  of  the 
Fourier  transformation  of  the  velocity  distribution 
functions  (DF)  v’aCka.O  =  / dv„e’*‘“''‘‘/a(v„,<), 
isotropic  in  the  velocity  space  are  presented  as  fol¬ 
lows 


Making  use  of  our  approach  [5]  to  the  group  analysis 
of  the  integral-differential  equations  we  calculated 
the  widest  Lie  group  G'^  of  the  transformation  ad¬ 
missible  by  the  system  Eq.l.  The  basis  of  group  G'* 
consists  of  the  infinitesimal  generators 


N 

Xi  =  dt ,  X2  —  ^  , 

a=l 

N  N 

X4  =  Y^<Pad^,-tdt. 

a=l  a=l 


The  class  of  invariant  BKW-solutions  is  determined 
by  the  generator  X  =  X2  —  X3  +  c~^Xi  depended 
on  the  unique  constant  c.  This  allows  us  after  some 
calculations  to  obtain  the  BKW-modes 


[1  -  a\ 


(») 


i— liilx 

T(t) 

oe  [1,N] 


(2) 


where  T{t)  —  1  —  0oe‘^^ ,  the  constant  is  deter¬ 
mined  by  the  arbitrary  choice  of  time  origin.  It  is 
essential  to  emphasize  that  here  in  contradiction  to 
[3]  the  identical  temperature  functions  T{t)  for  all 
the  species  are  not  postulated,  but  are  the  conse¬ 
quence  of  the  strict  calculation  of  the  BKW-class 
generator.  There  are  two  alternative  sets  of  the 
conditions  when  BKW-modes  Eq.2  exist.  The  first 
one-to  choose 

C-  -  {ria  I  dspaa(s)s{l  -  s)  +  ^  'upEaP  X 
Jo  (P) 

dspap{s){l-eaps)s],  a£[l,N].  (3) 


—  =  f  dspa0{s)[ipc{Xa(i  -  ea 


Then  aj“^  =  —  1,  a  E  [1,  Af]  and  DF  are  nonnegative 
0s))  for  Va  €  [0,oo),<  >  0,00  €  [0,2/5].  As  can  be  seen 
0=1''^  this  is  a  direct  generalization  of  obtaining  BKW- 

>«p0{xaSa0s)  -  9?a(a:a)v’/3(0)],o  G  [1,  AT],  (l)mode  in  one-component  gas  [Ij. 

_  The  second  one  is  the  following  choice. 
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dspa0{s)s£o,0,a  <  13, a  €  [l,r],/?G  [2,N]. 
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=  /  dspc,c,(s)s{l  -  5)  +  y~^  'Tl3a^f\aB 

(0) 

x/  />a^(s)(l  -£a/3s)s],  o  €  (4) 

Jo 


Here  the  coefficients  a  6 

[l,r];  can  be  arbitrarily  chosen,  aj“^  =  —(I  — 

EUi”aa<“))/X2Lr+i”a.  (^>r. 

In  this  case  the  BKW-modes  will  be  nonnegative 
if  all  the  >  0,  o  €  [l,r];  Ela=i  < 

1;  0  <  00  <  niin[0oi,^o2],  where  6oi  =  2/(2  + 
3aA/),aAf  =  max(Q)a(");  0o2  =  2/[2  +  3(1  - 

Ea=i "a]-  The  choice  of  some 
=  0  means  that  the  corresponding  BKW- 
modes  are  transformed  into  unsteady  Maxwell  DF 
with  the  temperature  T(i).  The  restrictions  Eq.3 
and  Eq.4.  as  well  as  the  dependence  on  the  unique 
constant  c  (universal  temperature  function  T(t)  ) 
for  presented  BK W-solutions  Eq.2,  have  the  mean¬ 
ing  of  necessary  and  sufficient  conditions,  which 
cannot  be  weakened. 
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Applications  for  modeling 

Presented  BKW-modes  we  used  to  mode!  in  explicit 
form  some  physically  interesting  kinetic  processes 
that  were  before  available  just  through  the  very 
precise  numerical  computing  of  BE.  For  binary  gas 
mixture  we  investigate  in  particular: 

a  relaxation  in  mixtures  with  disparate  species 
masses  (Lorentz  gas.  Rayleigh  gas. etc  ); 

h.  relaxation  nonequilibrium  impurity  in  Maxwell 
bath  (Maxwell  impurity  on  the  nonequilibrium 
background); 

c.  unsteady  overpopulation  of  the  far  tail  of  DF; 

d.  operating  high  energy  threshold  kinetic  proce.ss. 


Conclusion 

•  Exact  invariant  solutions  of  spatially  uniform 
Boltzmann  equations,  so-called  BKW-mo 

des.  are  presented  in  the  explicit  form  for  arbi¬ 
trary  N-species  gas  mixture.  The  correspond¬ 
ing  nessesary  and  sufficient  conditions  imposed 
on  the  molecular  parameters  are  formulated. 
The  completeness  of  the  results  obtained  is 
supported  by  the  rigorous  group  analysis  of 
Boltzmann  equations. 

•  BKW-modes  obtained  can  be  used  for  model¬ 
ing  some  kinetic  processes  of  physical  interest. 
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Group  Theory  Description  of  Temperature  and  Mass  Dependence 
of  Linear  Boltzman  Collision  Operator.  * 

V.L.  Saveliev 

Institute  of  Ionosphere,  Almaty,  Kazakstan 


1  Introduction 

L2ist  year’s  steady  interest  remains  in  studying 
groups  of  symmetry  of  the  mathematical  physics 
equations.  It  is  so  especially  in  the  case  where  the 
transformations  taken  into  consideration  affect  the 
parameters  of  an  equation  as  well  as  its  variables, 
that  is,  the  basis  of  the  renormgroup  ideology.  In 
the  last  decades  the  traditional  theory  of  symme¬ 
try  as  an  application  for  group  analyses  of  differen¬ 
tial  equations  was  actively  developed  by  classic  in¬ 
vestigations  of  Ovsiannikov,  Ibragimov,  Olver,  et. 
al.  The  report  is  a  principally  new  example  of 
broadening  of  the  field  of  application  of  traditional 
theory  of  symmetry  to  the  equations  that  contain 
integral  operators.  The  Lie  group  of  the  trans¬ 
formations  affecting  the  parameters  of  the  linear 
Boltzmann  collision  operator  such  as  temperature 
of  background  gas  and  ratio  of  masses  of  colliding 
particles  and  molecules  is  discovered.  The  group 
also  describes  the  conservation  laws  for  collisions 
and  main  symmetries  of  the  collision  operator.  New 
algebraic  properties  of  the  collision  operator  are  de¬ 
rived.  Transformations  acting  on  the  variables  and 
parameters  and  leaving  the  linear  Boltzmann  ki¬ 
netic  equation  invariant  are  found.  For  the  con¬ 
stant  collision  frequency  the  integral  representation 
of  solutions  for  nonuniform  case  in  terms  of  the  dis¬ 
tribution  function  of  particles  drifting  in  a  gas  with 
zero  temperature  is  deduced.  The  new  exact  relax¬ 
ation  solutions  are  obtained  too. 


function  ’J(u)  is  defined  by  the  operator  of  colli¬ 
sions; 


[//]  («)  = 

J  >^(v)x(/^-v)  [/(t>')'J(u') -/(v)\t'(«)]  dQy>du, 


We  will  assume  that  distribution  of  scattering  cen¬ 
ters  (molecules)  is  the  Maxwellian  distribution  with 
temperature  T.  By  differentiating  the  collision  op¬ 
erator  on  T, 


=  ::: — 
dT  2m2 


where  V  =  , 

ov 


we  will  have  an  expression  for  the  generator  of  the 
temperature  transformations’  semigroup.  An  ac¬ 
tion  of  the  generator  on  the  operator  /  is  expressed 
through  the  double  commutator.  We  will  denote  by 
the  operator  belonging  to  some  algebra  K  marked 
from  the  right  side  with  the  sign  ♦  (i.d.  a*,  a  C  K) 
the  linear  map  a*  :  K  d*K  of  the  algebra  K  into 
itself: 

0*6  =  db  —  bd  =  [d,  S]  ,  d,  6  C  K 


Taking  into  account  that  definitions,  we  can  express 
the  collision  operator  in  terms  of  the  collision  op¬ 
erator  of  the  scattering  on  molecules  at  rest  before 
the  collision  with  the  help  of  the  transformation  Ft  - 


2  Temperature  and  Mass  De¬ 
pendence 

The  evolution  due  to  collisions  of  the  distribution 
function  f{v)  of  particles  having  mass  mi  (for  ex¬ 
ample,  ions)  with  particles  of  mass  m2  (molecules), 
distributed  on  speed  according  to  the  distribution 
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Differentiating  the  collision  operator  with  respect 
to  mass  variable  ^  =  ln(l  -1-  m),  where  m  =  ^  one 
get: 

d  - 

-/  =  Vu*/ 

Thus,  semigroup  of  the  transformations,  e^^  *, 
00  >  ^  >  0;  describes  the  mass  dependence  of  the 
collision  operator  and  together  with  the  transforma¬ 
tion  Ft  allows  to  express  the  operator  /  in  terms 
of  the  operator  x  that  describes  a  process  of  scat¬ 
tering  on  the  infinitely  heavy  (m  =  0)  centers  being 
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at  rest.  The  operator  x  is  the  simplest  collision 
operator.  So,  we  have: 

\xf]  {v)  =  j  i'{y)x(ti,v)[f(v')  -  f{v)]dQ^., 
here  v'^  =  v*  =  «*,  x  =  x- 

3  Energy  Conservation  Law 

The  energy  conservation  law  for  scattering  on  in¬ 
finitely  heavy  center  being  at  rest  is  reduced  to  the 
fact  that  the  squares  of  velocities  before  and  after 
collision  remain  equal,  or  another  words:  v^*x  =  0. 
and  the  operator  x  is  a  stationary  object  with  re¬ 
spect  to  the  group  of  transformations  defined  by 
generator  v^*: 


One  more  property  of  symmetry  is  added  in  the 
case  of  the  constant  collision  frequency  {u  =  const, 
so  called  Maxwell’s  particles):  V^*x  =  0. 


that  one  can  obtain  acting  by  a  transformation  from 
the  group  GPQS  on  the  simplest  collision  operator 
X  for  collisions  with  infinitely  heave  centers  being 
at  rest. 

We  consider  a  linear  Boltzmann  kinetic  equation 
with  the  extended  collision  operator: 

^  +  t'V  /+(tu  +  t>x  U)vi  =  4(p,  q,s)f, 

where  «.  =  <1;  n  =  g;  V  =  f ;  V  =  f ; 

The  distribution  function  /(r,r,t)  of  charged  par¬ 
ticles  that  not  uniformly  drift  through  the  gas  of 
heated  molecules  in  the  electric  and  magnetic  fields, 
satisfies  the  equation  with  the  extended  operator 
parameters  having  values:  pi  =  y/2kT/m2,  P2  =  m, 
P3  =  0;  9i  =  0,  92  =  ln(l  -I-  m),  93  =  0,  s  = 
ln(l  -f  m).  The  kinetic  equation  is  invariant  regard¬ 
ing  a  transformations  with  parameters  91,92,93: 


9i  =  9i  + 


9i 


1  -  9371/2 


92  =  (92  +  92)ln(l  -  9391 /2)^  , 
93  =  93  + 


1  ~  9391 /2 


4  Lie  Algebra  and  Group 

To  create  from  the  set  of  generators  Vv«, 

V^*,  the  basis  of  Lie  algebra,  one  need  to  add 
to  it  three  more  elements:  v*v*,  (nV)*. 

This  seven-dimensional  Lie  algebra  is  determined 
by  commutative  relations  that  look  most  simply  in 
the  bases: 

’’’  =  . • 

S  =  M  —  Q2  —  P2',  where  M  =  Vv*, 
and  can  be  represented  in  the  form: 


Pi  =  P2  = 

Vs  .  ^  2  ’ 


w,p',q',s')  = 

V  +V  +V  ) 

f[v,r,t\  w,p,q,s). 

Where  Tik{q)  is  a  matrix  of  the  conjugated  repre.sen- 
tation  of  subgroup  GQ,  G(q)QkG~'(q)  =  Qifik(q). 
In  the  case  of  the  constant  collision  frequency,  it 
is  possible  to  express  the  distribution  function  of 
charged  particles  drifting  in  a  heated  gas  [T  ^  0) 
in  terms  of  the  distribution  function  of  charged  par¬ 
ticles  drifting  in  a  cold  gas  (T  =  0): 


w,T)  = 


)/(t;,r,t;  tn,7’  =  0) 


[P„Pk]  =  0, 


References 


[Qi^Pk]  =  ^iklbimPm,  [Qt ,  Qfc]  =  ^iklblmQm, 
[S,Pk]  =  Pk,  [5,Qfc]  =  0, 

where  Ciki  is  the  antisymmetric  Levi-Civita  tensor, 
bim  is  an  antidiagonal  matrix  (613  =  631  =  —622  = 
!)• 

We  will  call  eis  extended  collision  operator  the  fol¬ 
lowing  operator: 

ig(p,q,s)  = 
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Singular  Perturbations  Problems  for  the  Euler-Poisson  System  * 

A.  Ambrose^,  F.  Mehats^,  P.  A.  Raviart^ 

^  Centre  de  Mathematiques  Appliques,  Ecole  Polytechnique,  Palaiseau,  France 


1  Introduction 

The  system  we  consider  is  formed  by  a  plasma  of 
a  single  species  of  ions,  enclosed  between  two  in¬ 
finite  plane  electrodes,  one  at  the  same  potential 
than  the  plasma  ^  =  0  and  the  other  at  a  fixed  neg¬ 
ative  potential  —<f>c-  This  problem  has  been  studied 
when  the  applied  potential  is  such  that  e<j)c  is  much 
bigger  of  the  electron  thermal  energy  and  it  has 
been  shown  that  the  asymptotic  solution  is  given 
by  Child-Langmuir  law  (cf.  [1]). 

We  consider  here  the  case  in  which  t<f)c  is  of  the 
same  order  of  magnitude  of  the  electron  thermal 
energy.  We  start  presenting  the  fluid  model  of  this 
problem  and  we  show  that  it  leads  to  the  resolu¬ 
tion  of  a  singular  perturbation  non-linear  Poisson 
problem  for  the  electric  potential.  By  the  introduc¬ 
tion  of  the  Sagdeev  potential  function,  we  prove  the 
existence  of  solutions  of  this  problem  and  we  show 
that,  in  the  quasi- neutral  limit,  that  is  to  say  when 
the  observation  scale  is  much  bigger  than  the  Debye 
length  in  the  plasma,  the  limit  of  these  solutions  de¬ 
pends  only  on  the  shape  of  the  Sagdeev  potential  in 
the  neighborhood  of  its  minima. 


2  Mathematical  Model 


We  consider  a  one  dimensional  stationary  system 
formed  by  a  plasma  that  occupies  a  bounded  region 
of  space  [0,  L]. 

We  use  a  fluid  description  for  ions 


dx 


{nu) 


Tni4-(nu'^)  +  ^ 

dx 


'dx' 


0, 


— en 


d(p 

dx 


The  hydrodynamic  equations  are  closed  by  the 
equation  of  state 


Pi  =  nkTi  =  C  n^,  C  =  constant,  7  >  1  . 


We  assume  that  electron  density  follows  a  Maxwell- 
Boltzmann  distribution  law 


n*  =  fipexp(^)  , 


where  is  the  given  electronic  temperature  and  np 
is  the  electron  density  when  ^  =  0. 

The  electric  potential  and  electron  and  ion  densities 
are  linked  by  Poisson  equation 


d^4> 

d^ 


where  eo  is  the  vacuum  dielectric  constant. 

We  assume  plasma  neutrality  in  a:  =  0.  The  bound¬ 
ary  conditions  are 


ne(0)  =  n(0) 

u(0)  = 

Ti(0)  = 

^(0)  =  0  , 


=  no  , 

uo  , 

To, 

<1>(L)  =  -d>c<0. 


We  perform  a  scaling  of  the  system  on  the  basis  of 
physical  considerations,  we  set 


X  =  Lx'  , 
n  =  non'  , 


With  a  little  algebra  and  after  suppression  of  the 
primes  for  the  dimensionless  variables,  the  model, 
in  the  case  7  >  1,  can  be  written  as 


where  n  and  u  are  ion  density  and  speed  respec¬ 
tively,  <f>  is  the  electric  potential,  m,  is  ion  mass,  e 
is  the  fundamental  charge  and  pi,  the  ion  pressure, 
is  such  that  pi  =  nkTi,  where  k  is  the  Boltzmann 
constant  and  Ti  the  ionic  temperature. 
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Tie  =  exp(-(^) 


nu 


+  _!_?£ 

2  7-17; 


Ti-ii> 


n’^-'Ti 
n(0)  =  1  ,u(0) 


no  , 


+ 


7  To 
7- IT,  ’ 


1  , 


no  ,Ti(0)  =  l. 


(1) 

(2) 

(3) 

(4) 
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Analyzing  the  problem  with  e  fixed  we  can  proof  the 
existence  and  unicity  of  monotone  increasing  solu¬ 
tions  of  the  problem  (5),  when  4>c  >  <i>m  and  under 
a  supplementary  hypothesis  that  relies  on  the  shape 
where  we  used  the  Debye  length  of  the  Sagdeev  potential,  we  show  the  existence  of 

> - — - —  non- monotone  solutions  of  the  same  problem,  for  e 

Xd  =  V(eokTe)/{noe^)  .  g^all  enough. 


3  Non-Linear  Poisson  Prob¬ 
lem 


Equations  (1),  (2),  (3)  and  (4)  allow  the  computa¬ 
tion  of  the  ion  density  as  a  function  of  the  electric 
potential,  i.e.  n  = 

Setting 

Xf{4i)  =  Afi{4>)  -  exp(-<i>)  , 

the  whole  model  can  be  written  as  a  non-linear  Pois¬ 
son  problem 


/Ad  d^4) 

\T )  Ix^ 


Xf{4>)  , 


^(0)  =  0,  4>{\)  =  4>c>Q. 


(5) 


The  function  M  has  been  analyzed  in  [2]  and  we  find 
that  it  strongly  depends  on  the  difference  between 
the  ion  injection  speed  and  the  ion-acoustic  speed: 


4  (t;  +  77o)/7;  . 


Setting 

£  XdIL  , 

and  noting  that,  in  most  cases,  e  <?C  1,  we  see  that 
the  system  (5)  is  a  singular  perturbation  problem. 
We  begin  to  analyze  (5)  considering  f  as  a  positive 
parameter  and  we  study  the  existence  and  multi¬ 
plicity  of  its  solutions. 

We  define  the  Sagdeev  potential  function  as 


Jo 


4  Quasi-Neutral  Limit 

In  plasma  physics,  when  the  scale  of  the  observation 
is  very  large  compared  to  the  Debye  length  Ad,  the 
studied  system  is  said  to  be  at  the  quasi-neutral 
limit.  Mathematically  this  leads  to  the  study  of 
the  limit  e  -+  0  of  the  solutions  of  the  non¬ 
linear  Poisson  problem  (5).  We  show  that  these 
solutions  always  converge  to  4>m ,  with  the  exclusion 
of  some  boundary  layers  or  some  free  layers  which 
depend  only  on  the  shape  of  the  Sagdeev  potential 
in  a  neighborhood  of  d>m  ■  We  find  that  in  the  case 
uo  <  cs  there  is  a  unique  limit  potential  profile 
which  presents  two  exponential  boundary  layers  in 
X  =  0  and  x  =  1  and  between  them  the  potential  is 
constant  and  equal  to  the  value  (j>m  >  0,  for  which 
n  =  Tie- 

In  the  case  uo  =  cs,  again  the  limit  of  solutions 
of  the  non-linear  Poisson  problem  is  unique  and  it 
is  constant  and  equal  to  =  0  in  all  the  domain 
but  in  a  neighborhood  of  i  =  1,  where  a  parabolic 
boundary  layer  is  present. 

In  the  supersonic  case  the  situation  is  more  com¬ 
plicated,  for  all  Uo  >  Cs  there  is  a  limit  solution 
similar  to  the  sonic  one  with  the  exception  of  the 
boundary  layer  that  now  is  exponential,  but,  if 
C5  <  Uo  <  A'c5  (A'  >  1),  there  is  a  second  limit 
solution  that  presents  the  same  features  than  the 
first  one,  but,  in  x  =  1/3,  it  takes  a  negative  value 
4>3  and  in  a  neighborhood  of  this  point  has  a  double 
exponential  free  layer. 
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and,  for  4)  >  <i>m,  the  Sagdeev  potential  is  strictly 
increasing. 

From  the  non-linear  Poisson  equation  we  have  the 
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1  Introduction 

Flows  of  granular  materials  are  widely  met  in 
our  environment,  be  it  in  natural  phenomena  like 
avalanches  or  sand  storms,  or  in  industrial  and  tech¬ 
nological  processes  where  bulk  materials  like  grains 
or  coal  are  transported,  screened  or  crushed. 
Different  approaches  to  the  dynamics  of  granular 
flow  lead  to  a  hierarchy  of  different  levels  of  descrip¬ 
tion,  namely  molecular  dynamics,  kinetic  theory 
and  macroscopic  equations.  This  work  is  concerned 
with  the  comparison  of  two  such  levels,  namely  soft- 
sphere  molecular  dynamics  (MD)  and  the  kinetic 
level. 

1.1  The  Kinetic  Scheme 

A  kinetic  description  of  granular  flow  (see  e.g.  [1])  is 
given  by  a  modification  of  the  Enskog  equation  for 
moderatly  dense  gases.  Let  v  denote  the  velocity 
and  u)  the  spin  of  spheres  with  diameter  a  and  mass 
m,  then  the  evolution  of  the  density  in  phase  space, 
/,  is  given  by 

^  +  i'V,/  =  J(/,/),  (1) 

where  for  the  collision  operator  J  see  Figure  1  on 
the  next  page. 

In  a  granular  regime,  the  velocity  transformation 
r,  is  energy  dissipating.  Tr,  is  usually  a  hard  sphere 
model,  see  e.g.  [2]. 

One  method  of  solving  Eq.  (1)  is  based  on  a  finite 
pointset  method  similar  to  the  solving  of  the  Boltz¬ 
mann  equation,  see  [3].  The  code  considers  6  de¬ 
grees  of  freedom  (3  translational  and  3  rotational). 

1.2  The  Microscopic  Model 

To  model  inelastic  collisions  in  molecular  dynamics 
one  requires  at  least  two  terms,  namely  repulsion 
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Figure  2:  Velocity  profile 


and  some  sort  of  energy  dissipation.  The  simplest 
force  with  the  desired  properties  is  the  damped  har¬ 
monic  oscillator  force 

Ffi  —  CnVn  knX,  (2) 

Ft  =  mm{-ctvt  -  kt  J  Vtdt,-fiFn],  (3) 

with  c„ ,  C(  the  damping  coefficients  and  k„ ,  kt  the 
spring  constants  for  the  normal  force  F„  and  the 
tangential  force  Ft ,  respectively.  i;„ ,  Vt  denote  the 
relative  velocity  at  contact  point  in  normal  and  tan¬ 
gential  direction.  The  tangential  force  is  limited  by 
the  friction  //F„ .  The  coefficient  of  normal  restitu¬ 
tion  e  is  defined  as  the  ratio  e  =  — u„/v". 

The  present  work  refers  to  the  code  developed  at 
CSIRO,  Australia,  see  [4],  and  is  restricted  to  three 
degrees  of  freedom  (two  translational,  one  rota¬ 
tional). 

2  Test  Case  and  Results 

As  a  test  case  a  Id  Couette  flow  is  considered.  The 
binary  collisions  of  both  models  are  as  given  by 
Eqs.  (2)  and  (3).  The  parameters  are  a  constant 
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J(fJ) 


=  /  /  •  V)y  {n{t,x  -  f »?))  /(<,  X,  w")f(t,x  -  at],  w'^)dr}du'" 

-  /  /  ^(f2i  •  V)y  (”(<.  X  -  ft?))  /(<,  I,  u;)/(<,  I  -  at],  xv,)dridu'„ 
■R*  S3 


Figure  I:  Collision  operator  for  a  granular  flow.  The  double  primed  variables  denote  the  precollisional 
velocities  w"  =  such  that  the  binary  collision  of  a  particle  with  velocity  w"  and  a  second 

particle  with  w"  changes  its  velocities  according  to  the  transformation  T  with  {w,w,)  =  T,,(w",w"). 
The  unprimed  variables  are  the  postcollisional  ones.  The  hard  sphere  collision  kernel  it(.)  depends  on  the 
relative  velocity  r2i  =  v,  -  v.  The  pair  correlation  function  at  contact,  y(n),  is  taken  from  Standard 
Enskog  Theory,  see  e.g.  [3].  The  number  density  is  denoted  by  n,  the  collision  direction  by  t;  £  5‘. 


Figure  3:  Density  profile 


Figure  4:  CPU  time  per  100  sec  simulation  time 


e  =  0.95,  a  ratio  kt/k„  —  0.3,  k„/rn  =  10,000  and 
/i  =  1,000.  The  initial  solid  fraction  in  the  kinetic 
model  is  =  0.1,  in  the  molecular  dynamics  accord¬ 
ingly,  such  that  the  mean  free  paths  are  equal.  The 
shear  velocity  of  each  wall  is  normalized  to  one,  the 
distance  between  the  walls  is  10  mean  free  paths. 
Molecular  dynamics  calculations  base  on  100  par¬ 
ticles,  the  kinetic  ones  on  10,000.  The  stationary 
velocity  profile  is  shown  in  Figure  2.  The  density 
profile  (normalized  to  the  initial  density)  is  shown 
in  Figure  3. 

Both  profiles  show  a  good  agreement  if  one  keeps  in 
mind  the  completely  different  origin  of  both  meth¬ 
ods. 


3  Conclusions 

In  the  regime  of  moderatly  dense  granular  flow  the 
kinetic  scheme  and  molecular  dynamics  render  com¬ 
parable  results.  For  reasonable  spring  constants 
the  kinetic  scheme  is  5  to  12  times  faster  than  the 


molecular  dynamics,  see  Figure  4. 
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The  heat  transfer  due  to  the  recombination  of  atoms 
on  space  vehicles  during  the  re-entry  phase  in  the 
earth  can  lead  to  the  damage  of  the  protective  ma¬ 
terials.  By  measurements  of  recombination  and  ac¬ 
commodation  coefficient  (7  and  /?)  of  oxygen  atoms 
and  by  the  determination  of  a  specific  surface  heat¬ 
ing  rate  (kw:  that  represents  the  total  energy  trans¬ 
ferred),  the  surface  chemistry  (catalycity)  of  the 
materials  can  be  evaluated. 

In  order  to  quantify  the  energy  transfer  due  to  the 
recombinaition  of  oxygen  atoms  in  the  silicon  car¬ 
bide  (SiC),  the  recombination  and  accommodation 
coefficient  have  been  measured  independently  in  a 
large  domain  of  temperatures  from  room  temper¬ 
ature  to  HOOK.  The  recombination  coefficient  is 
evaluated  by  a  spectroscopic  method  of  actinometry 
leading  to  the  determination  of  oxygen  atoms  profile 
concentrations  versus  the  distance  from  a  surface  at 
stagnation  point  configuration  assuming  a  diffusion 
regime. 

The  determination  of  the  accommodation  coeffi¬ 
cient  is  performed  by  a  calorimetric  method  based 
on  the  determination  of  the  energy  releeised  from 
the  atomic  recombination  in  the  sample. 

The  main  experimental  results  show  an  increase  of 
the  SiC  catalycity  with  the  surface  temperature: 
the  recombination  coefficient  varies  from  4.0  x  10“^ 
at  298K  and  4.1  x  10“*  at  1123K  while  the  accom¬ 
modation  coefficient  goes  up  to  0.26  until  0.71  at 
523  K. 
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1  Introduction 

When  leaving  the  limit  of  continuum  mechanics,  in 
the  regime  of  rarefied  gas  dynamics,  the  interactions 
between  gas  flows  and  condensend  matter  surfaces 
influence  the  properties  of  the  flowfield.  Nowadays 
flows  of  rarefied  gases  can  be  calculated  for  exam¬ 
ple  by  DSMC  methods,  although  the  formulation  of 
boundary  conditions  is  not  always  clear.  To  reach 
a  better  understanding  of  gas-surface-interactions 
the  exchange  of  energy  and  momentum  during  the 
collison  of  diatomic  gas  molecules  with  internal  de¬ 
grees  of  freedom  and  condensed  matter  surfaces  are 
studied  by  classical  trajectory  calculations. 

The  calculations  which  are  presented  here  are  per¬ 
formed  for  Nitrogen  molecules  colliding  with  a  Plat¬ 
inum  <  1 1 1  >  surface. 

2  Model 

The  gas  molecule  is  simulated  by  a  rigid  rotator 
with  two  internal  degrees  of  freedom  according  to 
classical  mechanics.  For  the  collision  energies  which 
are  used  in  this  work  (max  lOOOK)  vibrational  de¬ 
grees  of  freedom  are  not  taken  into  account.  For 
the  simulation  of  gas-surface-interaction  an  efficient 
model  of  the  surface  is  essential  because  most  of  the 
computational  work  is  needed  to  calculate  the  mu¬ 
tual  interaction  of  the  surface  atoms  In  this  work 
only  a  small  part  of  the  surface  is  simulated  in  de¬ 
tail  on  a  molecular  level:  three  layers  of  the  lattice, 
each  containing  37  atoms  which  are  arranged  in  a 
shape  of  a  hexagon  according  to  the  <  111  >  sur¬ 
face  of  a  kubic  face  centered  lattice.  The  influence 
of  the  lattice  atoms  outside  of  the  primary  simula¬ 
tion  area  is  considered  by  a  temperature  bath  which 
is  realised  by  the  Langevin  differential  equation  fol¬ 
lowing  ideas  introduced  to  gas-surface-interaction 
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by  Tully  [3],  Details  and  basic  properties  of  the 
model  have  been  shown  in  a  previous  paper  [1], 

3  Calculations 

The  interaction  between  gas  molecules  and  con¬ 
densend  matter  surfaces  can  roughly  be  devided 
into  two  different  channels:  Molecules  are  fol¬ 
lowing  either  the  direct  scattering  mechanism  or 
the  adsorbtion-desorption  mechanism.  For  directly 
scattered  molecules  it  seems  obvious  that  they  usu¬ 
ally  do  not  reach  equilibrium  with  the  surface  be¬ 
cause  of  the  short  interaction  time:  Besides  the 
mass  of  the  molecule,  the  mass  of  the  surface  atom 
and  the  interaction  potentials  which  are  constant 
for  one  combination  of  species,  the  exiting  state  is 
determind  by  the  inicial  properties  of  the  molecule 
and  the  temperature  of  the  surface.  Adsorbed 
molecules  loose  all  their  information  about  the  ini¬ 
tial  properties  and  during  the  long  interaction  time 
they  are  able  to  reach  equilibrium  w-ith  the  surface 
atoms.  But  experimental  [2]  studies  and  molecular 
dynamic  studies  show  that  for  higher  surface  tem¬ 
peratures  (T>  400 /\)  the  rotational  temperature  of 
desorbing  molecules  is  significantly  lower  than  the 
temperature  of  the  surface. 

This  phenomenon  can  be  understood  by  taking  the 
opposite  process  into  account,  i.e.  looking  at  the 
probability  of  gas  molecules  to  be  trapped  during 
the  collision.  For  example  trajectories  are  calcu¬ 
lated  for  gas  molecules  taken  from  their  equilib¬ 
rium  distributions  with  the  same  temperature  as 
the  surface  {Trot  =  Tfcin  =  T,oUd  =  SOOA').  The 
other  parameters  like  angle  of  incidence,  rotational 
orientation  etc.,  are  randomly  taken  from  the  cor¬ 
responding  distributions. 

The  figures  show  the  distributions  of  rotational  and 
kinetic  energy  for  the  incoming  molecules.  The  to¬ 
tal  distributions,  which  are  following  the  Maxwell 
and  the  Boltzmann  distribution,  respectively,  are 
split  into  two  parts:  One  part  belongs  to  molecules 
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Figure  1 :  Translational  energy  distributions  of  in¬ 
coming  molecules 


although  there  are  still  molecules  which  are  able 
to  escape  from  the  surface.  By  arguments  of  de¬ 
tailed  balancing  this  means  that  the  distributions 
of  the  desorbing  molecules  are  shifted  towards  lower 
temperatures.  Calculations  of  trajectories  of  des¬ 
orbing  molecules  for  the  same  configuration  yielded 
Tfcin  =  530/i:  and  Trot  =  SQO/'f . 

Similar  calculations  for  other  temperatures  and 
cases  when  the  gas  has  a  different  temperature  than 
the  surface  were  also  performed. 
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Figure  2:  Rotational  energy  of  incoming  molecules 


which  will  be  scattered  and  the  other  part  belongs 
to  molecules  which  will  be  adsorbed.  (All  distri¬ 
butions  are  normalized  to  the  total  amount  of  in¬ 
coming  molecules,  i.e.  the  distributions  of  the  ad¬ 
sorbed  molecules  are  scaled  with  the  average  stick¬ 
ing  coefficient  <r  and  the  distributions  of  scattered 
molecules  are  scaled  with  (1  —  <r).  The  partial  distri¬ 
butions  have  a  similar  shape  as  the  complete  ones. 
Although  this  is  only  an  approximation,  the  tem¬ 
peratures  of  these  distributions  are  used  to  deter¬ 
mine  the  avarage  energy  of  the  distributions:  The 
rotational  and  translational  temperatures  of  the 
molecules  which  will  be  scattered  are  higher  than 
the  temperatures  of  molecules  which  will  be  ad¬ 
sorbed.  The  local  sticking  coefficient  as  a  func¬ 
tion  of  the  incident  energy  can  be  calculated  by 
the  relation  of  the  distributions  of  the  adsorbed 
molecules  to  the  total  distribution:  As  expected, 
at  lower  energies  the  sticking  coefficient  increases. 
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Aerodynamical  characteristics  for  single  and  for 
both  single  and  twofold  reflections  from  a  rough 
surface  are  compared.  Unlike  [1],  the  case  of  spec¬ 
ular  reflection  from  a  small  area  is  considered.  The 
scattering  function  on  a  rough  surface  I'’(t7j|t7)  de¬ 
pending  on  the  impinging  U]  and  on  the  emerging 
u  ga.s  atom  velocities  is  expanded  into  a  series 


m  =  l 


A’r, 


ti,  >0 


Y.  =  1-  (1) 

m  =  l 

wIutc  r,„  is  the  scattering  function  of  the  m-fold 
reflect  ion.  and  .V,„  is  the  m-fold  reflection  proba- 
l)ility. 

In  the  same  way  as  in  [1],  we  calculated  aerodynam¬ 
ical  characteristics  in  the  following  four  approxima¬ 
tions  for  I  ' 


=  =  I'l  +  \-.. 

I'd)  _  ll  r.-(i.2)  _  JjJlLi 

"  A’l  '  "  A’l  A'o  ■ 


(2) 


The  inadequacy  of  I'c*'  and  is  that  normal¬ 

izing  condition  Ecj.l  is  not  valid  for  them.  To  elim¬ 
inate  this  defect,  we  propose  the  following  new  four 
approximations  for 


=  Vi  +  (i-A-i)\-o... 
jdi.-)  _  ^  j  \  2  -|-  ( 1  —  A 1  —  A 2)  1  o.' . 

=  +(1-A-i)Im. 

=  v, +  VA  +  (1  -  A'l  -  .V2)i;,rf.  (3) 

where  I'o,  =  -|-2i7i,|)  is  the  specular  scatter¬ 

ing  function  on  smooth  surface  with  the  same  nor¬ 
mal  il  as  the  normal  to  the  mean  level  of  a  rough  sur¬ 
face,  V’od  =  2/r'7r“'ucos^exp{  — /lu'}  is  the  diffinse 
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one  with  parameter  h  =  2uJ'^  which  corresponds 
to  the  energy  exchange  coefficient  9  =  0  is  the 
reflection  angle).  The  corrected  momentum p,  r  ex¬ 
change  coefficients  (at  A  =  u\\/h  —  \/2)  are 

p1')  =p[''  +  2(l-fVi)cos=*0i, 

p(i,2)^p(i.2)^2(l-A'i-A2)cos2  0i, 

^d)  _  ^0)  _  (j  _  ^ij)sin20i, 

rii-)  =  r(i'2)-(l_A'i-A-2)sin2(9i, 

P'P  =  +  ^(1  -  A'i)cos0i, 

Pd =  pF^'  +  ^(1  -  A'l  -  A'2)cos^i, 

The  dependence  of  N\  and  on  the  incidence  an¬ 
gle  6\  and  on  the  roughness  parameter  iT]  is  shown 
in  Fig.l  and  Fig. 5,  respectively.  One  can  sec  that 
A’i-I-A'2  >  1  at  large  values  of  (Tj  and  0\ .  The  failure 
of  normalizing  condition  Eq.l  is  explained  by  the  er¬ 
ror  of  our  method  of  computation:  it  is  too  large  at 
large  values  of  (Tj  and  9^  (  cf.  [1]).  Figs  2, 6, 3, 7  show 
the  dependence  of  pc'\  pF^\  rj'*,  on  0i  and 
on  ffi-  The  dependence  of  the  aerodynamical  resis¬ 
tance  coefficient  c^  on  (Tj  in  a  free  molecular  flow 
is  shown  in  Fig. 4  for  sphere  and  in  Fig. 8  for  cylin¬ 
der  in  cross  flow  for  all  eight  approximations  given 
in  Eq.2  and  Eq.3  ((Tj  is  plotted  at  the  logarithmic 
scale). 
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1  Introduction 

The  force  interaction  of  Space  Objects  (SO)  with 
the  upper  atmosphere  varies  not  only  with  the  den¬ 
sity,  SO  trajectory  and  orientation  but  also  depends 
on  the  molecule  interaction  with  surface  of  SO  (ac¬ 
comodation  coefficients).  Its  value  may  be  deter¬ 
mined  to  considerable  extent  on  the  basis  of  lab¬ 
oratory  experiments.  This  approach  is  limited  by 
the  capabilities  of  the  simulation  facility.  On  the 
other  hand,  the  difference  in  simulation  capabilities 
hampers  the  correlation  of  data  obtained  by  vari¬ 
ous  groups  of  investigators.  It’s  very  difficult  also 
to  conduct  even  single  flight  experiment  (the  exam¬ 
ple  -  a  number  of  papers  by  Blanchar  et  al  ). 

2  Short  description  of  exper¬ 
iments 

Therefore  the  experiments  were  conducted  in  two 
different  vacuum  facilities  [1-  3]  with  different  pa¬ 
rameters  of  molecular  beams.  The  accomodation 
coefficients  of  various  materials  were  measured  with 
the  same  samples  of  external  SO  surface.  The  test 
experimental  data  were  compared  also  with  the  re¬ 
sults  of  flight  experiments  PION  [4-5]. 

The  main  distinction  of  test  facility  of  TsAGI  [1,2] 
and  ITM  [3]  consist  in  different  energy  of  molec¬ 
ular  beam  and  different  gas  pressure  in  the  work 
chamber.  It  leads  to  distinction  in  characteristics 
of  adsorbed  layers  on  the  samples  surfaces. 

The  flight  experiment  consists  in  observation  of  the 
two  passive  standard  satellites  which  were  sepa- 
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rated  from  the  spacecraft  RESURS  at  the  one  day 
interval.  The  diameters  and  masses  of  these  satel¬ 
lites  were  almost  equal,  but  the  materials  of  exter¬ 
nal  surface  were  different  with  different  accomoda¬ 
tion  coefficients  (enamel,  ceramics,  aluminum).  By 
the  monitoring  of  this  pair  of  SO  the  relation  of  drag 
coefficients  were  determined  with  small  errors.  The 
flight  experimental  data  confirm  the  main  results  of 
test  experiments. 
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1.  Introduction 

Modelling  surface  coverage  is  essential  to  understand 
and  describe  chemistry  at  the  gas-wall  interface.  This 
study  focusses  on  modeling  adsorption-desorption 
processes.  Most  previous  works  on  this  subject 
considered  the  macroscopic  level'  although  some  of 
them  considered  the  microscopic  levef'^.The  aim  of 
this  study  is  to  propose  a  model  of  adsorption- 
desorption  processes  at  the  microscopic  scale  and  to 
incorporate  it  into  a  DSMC  code. 

2.  Modeling  adsorption  -  desorption 
processes 

Let  us  consider  an  infinite  crystalline  surface,  i.e.  a 
three-dimensional  lattice  of  atoms  regularly  arranged. 
The  characteristic  dimensions  of  this  lattice  are 
denoted  a  and  b  in  the  tangential  direction  and  c  in  the 
direction  normal  to  the  surface.  The  wall  atoms  are 
supposed  to  be  at  rest.  We  first  calculate  the 
interaction  force  induced  by  the  wall  and  deduce  from 
it  a  condition  of  adsorption  of  the  incident  gas  atom. 

The  interaction  force  F(O^  jM)  between  one  surface 

atom,  located  in  0,j  and  an  incident  gas  atom,  located 
in  M  can  be  given  by  the  Lennard-Jones  expression 


fc)' 


where  e  is  the  depth  of  the  potential  energy  well  and  cr 
is  the  distance  at  which  the  potential  is  zero.  The 
incident  gas  atom  interacts  with  each  surface  atom. 
The  interaction  force  Fj-(A)  is  obtained  by  summation 
over  all  the  atoms  constituting  the  wall. 
Approximating  the  discrete  summations  by  integrals 
results  in^ 


Fj{h)  = 


0.  0, 


4;rcr*f 

abc 
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where  h  is  the  distance  of  the  gas  atom  above  the 
surface.  The  resultant  force  is  normal  to  the  wall. 

This  is  consistent  with  the  results  of  Arumainayagam’ 
who  calculated  numerically  the  potential  induced  by  a 
surface  composed  of  108  atoms  and  concluded  that  it 
was  nearly  independent  of  the  tangential  directions. 


The  equilibrium  height  of  the  incident  atoms  is 
denoted  r^,.  A  critical  velocity  is  defined  a 
follows :  when  a  gas  atom  located  at  height  r^,  has  a 
normal  velocity  component  directed  away  from  the 
wall  and  larger  than  it  escapes  from  the  wall 
attraction.  These  quantities  are  calculated  as^ 


where  m  is  the  mass  of  the  gas  atom.  In  the  present 
model,  a  gas  atom  is  assumed  to  oscillate  around  the 
distance  and  to  be  released  after  a  so-called  lifetime. 
The  part  of  the  atom  trajectory  above  rg,  is  treated  by 
classical  mechanics,  based  on  the  above  equations, 
without  any  influence  of  wall  temperature.  The  part  of 
the  trajectory  below  r^,  is  not  treated.  We  assume  that 
the  atom  crosses  the  equilibrium  plane  r^,  away  from 
the  surface  with  a  random  velocity  that  corresponds  to 
a  gas  in  equilibrium  at  surface  temperature  T„.  .  In  the 
Maxwell  gas-surface  interaction  model,  a  similar 
condition  is  used,  but  applied  to  the  velocity  of  the 
molecule  at  infinity  rather  than  at  distance  r^,. 

The  gas  atom  oscillates  until  it  receives  a  normal 
velocity  larger  than  The  higher  the  shorter  the 
lifetime.  The  atom  experiences  a  number  of 
oscillations  denoted  and  the  lifetime  is  the  sum  of 
the  durations  of  these  oscillations.  After 

calculations,  we  find*  an  average  lifetime  4^-, 
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where  tgyoif^)  is  the  duration  of  half  an  oscillation  for 
an  atom  crossing  the  equilibrium  plane  with  a  normal 
velocity  v.  is  the  average  value  of  v. 


This  model  was  incorporated  into  the  DSMC  code 
developed  at  the  Laboratoire  d’Aerothermique  and  the 
same  problem  was  simulated.  The  results  obtained  by 
both  methods  is  identical  (Fig.l).  Results  obtained 
with  recombination  have  also  be  obtained. 

4.  Conclusion 


2kTw 


I 

evol 


(v)  =  1,2783 


jmabc 

rO 

0,87 


The  lifetime  is  found  with  an  Arrhenius-type  form, 
like  the  empirical  expressions  generally  used  by  other 
authors.  But  because  of  the  lack  of  precision  of  our 
expression  for  the  potential  well  and  because  of  the 
effects  of  the  exponential  factor,  some  of  our  results 
differ  from  those  results  one  can  find  in  the  literature. 


3.  Coverage  rate 

We  estimated  the  coverage  rate  (i.e.  the  fraction  of 
total  available  monolayer  surface  sites  occupied  by 
adsorbates)  for  a  surface  with  Sq.  adsorption  sites  per 
unit  area.  All  sites  are  assumed  to  be  free  at  time  t=0. 
We  neglect  recombination.  The  number  of  atoms 
impinging  the  surface  per  unit  time  and  area  is  denoted 
N.  All  atoms  that  impinge  the  wall  on  a  free  site  are 
adsorbed  during  a  constant  time  4^^  .  Then,  they  are 
released.  Atoms  that  impinge  on  an  occupied  site  are 
immediately  released.  The  temporal  evolution  of  the 
coverage  rate  6(t)  is  found  to  be 


A'/'  .  ] 

; 

1 

exp 

- 1 

"J 

1 

1 

_ 1 

and  the  value  of  this  rate  at  equilibrium 


We  developed  a  model  of  adsoiption  and  desorption  at 
the  molecular  scale  that  results  in  an  Arrhenius-type 
form  for  the  average  lifetime  of  an  atom  adsorbed  at 
the  wall.  This  form  is  consistent  with  experimental 
results  found  in  the  literature.  This  model  could  be 
easily  incorporated  in  a  DSMC  code,  while  being  less 
expensive,  for  example,  than  Matsumoto's  one^. 

This  model  has  been  used  to  find  the  temporal 
evolution  of  the  coverage  rate  of  the  surface  and  the 
value  of  this  rate  at  equilibrium.  Identical  results  were 
obtained  both  analytically  and  by  DSMC  for  a  wall 
with  all  sites  free  at  initial  time. 

Other  calculations  that  account  for  recombination  have 
also  been  carried  out. 
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1  Introduction 

Recently,  microscopic  understanding  of  scattering 
process  of  gas  molecule  on  clean  surface  has  been 
progressed  very  much  by  accurate  experiments  and 
numerical  simulations.  However,  on  the  practi¬ 
cal  surface,  adsorbate  molecules  usually  exist  and 
they  may  have  strong  effect  on  the  scattering  pro¬ 
cess.  Though  some  experimental  and  numeri¬ 
cal  studie.s  have  been  made,  much  more  under¬ 
standing  is  required.  Here,  using  the  classical 
molecular-dynamics  method,  the  scattering  process 
of  a  gas  molecule  on  the  crystal  molecules  with 
some  adsorbate  molecules  is  simulated  and  ana¬ 
lyzed.  The  effect  of  parameters  such  as  the  coef¬ 
ficient  of  the  molecular  potential,  incident  energy 
of  gas  molecule,  surface  temperature,  and  number 
of  adsorbate  molecules  is  studied. 

2  Assumptions  and  Numeri¬ 
cal  Method 

adsorbate  molecules,  and  crystal  molecules  are  sim¬ 
ulated  with  cla.ssical  molecular-dynamics  method. 
Each  molecular  motion  is  calculated  under  the  a.s- 
sumptions  that  the  motion  is  governed  by  Newton’s 
equation.  This  equation  is  integrated  numerically 
by  the  Runge-Kutta-Fehlberg  scheme,  that  sets  the 
adequate  time  step  automatically. 

Here  we  assume  that  the  gas  molecule  and  adsor¬ 
bate  molecules  are  same  sort.  Also,  we  calculate  2 
dimensional  system  for  the  first  step  of  study.  Of 
course  the  2  dimensional  result  such  as  the  distri¬ 
bution  of  scattering  angle  is  largely  different  from 
the  realistic  3  dimensional  result,  but  we  confirm 
that  the  result  about  energy  transferring  is  quanti¬ 
tatively  same. 

The  Lennard-Jones  inverse  6-12  power  poten- 
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tial  is  used  for  the  interaction  potential  between 
molecules,  as 

4>{r)=4e{(R/ry^-{R/r)^}. 

Here  f  and  R  are  potential  parameters.  These 
parameters  between  crystal  molecules,  fc-c  and 
Rc-c,  are  set  to  reproduce  the  potential  be¬ 
tween  Platinum  molecules.  Between  gas  and  crys¬ 
tal  molecule,  potential  parameters  are  defined  as, 
(G-C  =  y(c-c,  and  Rg-c  =  pRc-c-  When  gas 
molecule  is  Xenon  and  crystal  molecule  is  Platinum, 
7  =  0.0846  and  p  =  1.11  .  We  set  the  parameters 
between  gas  molecules  from  the  empirical  relations, 
as 

<G-C  =  \/iG-G(C-C,  Rg-C  =  +  Rc-c)- 

In  this  study  7  is  varied  from  0.02  to  0.127,  and  p 
is  from  0.89  to  1.33.  The  mass  of  gas  molecule  is 
fixed  to  0.673  me,  where  me  is  the  mass  of  crystal 
molecule. 

At  first,  the  equilibrium  state  of  both  crystal 
molecules  and  adsorbates  are  calculated  for  the  sur¬ 
face  temperature,  Ts.  The  crystal  molecules  are 
placed  in  8  layers  of  2  dimensional  face-centered-  cu¬ 
bic  lattice,  where  each  layer  contains  12  molecules. 
And  some  gas  molecules  are  put  over  the  surface  as 
adsorbates.  A  periodical  boundary  condition  is  ap¬ 
plied  to  the  tangential  direction  of  surface.  We  give 
some  kinetic  energy  to  all  these  molecules,  and  cal¬ 
culate  the  trajectory  for  a  certain  period,  keeping 
the  temperature  of  the  system  to  a  certain  value, 
Ts- 

Next,  a  gas  molecule  collides  on  this  prepared  sur¬ 
face.  The  first  position  of  this  colliding  molecule  is 
chosen  randomly.  This  calculation  is  continued  un¬ 
til  the  gas  molecule  leaves  about  11.3  angstrom  from 
the  surface  plane,  or  until  the  calculation  reaches  to 
10000  steps.  After  one  calculation,  all  molecules  are 
set  back  to  the  state  of  thermal  equilibrium.  Then 
the  next  gas  molecule  starts  colliding  from  another 
position.  In  this  study  the  incident  angle  is  0  de¬ 
gree,  that  is,  the  gas  molecule  falls  down  from  the 
normal  direction  of  the  surface  plane.  The  incident 


52 


Gas  -  Surface  interaction  -  GS  P 


energy  of  gas  molecule  varies  from  0.155  [eV]  to 
0.435  [eV].  The  number  of  adsorbates  over  the  sur¬ 
face,  N,  varies  from  2  to  6.  The  temperature  of  the 
surface,  Ts  is  40  [K]  or  300  [K].  More  than  300  of 
colliding  molecules  are  simulated  for  eeu:h  condition. 


3  Results 

From  the  observation  of  trajectory  and  of  energy 
transferring  pattern  of  gas  molecule,  we  put  the 
gas  molecules  into  three  groups.  The  first  group, 
”  group  A” ,  is  the  case  when  the  gas  molecule  col¬ 
lides  to  the  adsorbate  molecule.  After  the  collision 
it  flies  away  from  the  surface  or  it  comes  back  to  col¬ 
lide  again.  The  second  group,  ”  group  B”  is  the  case 
when  the  gas  molecule  collides  mainly  to  the  crystal 
molecule.  When  the  gas  molecule  collides  slightly 
to  the  adsorbate  and,  just  after  that,  collides  to 
crystal  molecule,  we  put  the  case  into  ’’group  B’  ”. 
molecule  to  other  molecules,  AE,  is  defined  by  the 
difference  of  the  total  energy  of  gas  molecule  during 
the  first  bounding.  The  distribution  of  AE  of  group 
B’  becomes  almost  same  as  that  of  group  B,  even 
when  the  molecular  potential  and  the  incident  en¬ 
ergy  are  changed.  So  here  we  put  the  group  B’  into 
group  B  in  the  discussion  about  the  energy  trans¬ 
ferring. 

The  distribution  of  AE  of  group  B  is  recognized  as 
the  normal  distribution,  and  its  average  and  devia¬ 
tion  are  almost  same  as  the  case  of  scattering  on  the 
clean  surface.  Figure  1  shows  this  relation  between 
the  average  of  AE  and  the  potential  parameter  e, 
when  incident  energy  is  0.256  [eV]  and  p  =  1.11  . 
The  Average  of  AE  of  group  B  varies  according  to 
the  potential  coefficient  and  incident  energy  of  gas 
molecule. 

The  average  and  deviation  of  A  J?  of  the  group  A  are 
very  different  from  the  case  of  clean  surface.  Also, 
the  average  of  transferred  energy  depends  only  on 
the  incident  energy.  When  the  potential  coefficient 
is  changed,  the  average  of  AE  is  almost  constant. 
We  can  see  such  relation  in  figure  1.  We  think  that 
the  difference  of  process  of  energy  transferring  is 
one  of  the  reason  of  this  phenomenon.  In  the  case 
of  group  B,  the  gas  molecule  gives  much  energy  to 
the  crystal  molecules  once,  and  then  gets  back  some 
part  of  it.  In  the  case  of  group  A,  the  adsorbate 
molecule  which  gets  energy  from  the  gas  molecule 
moves  largely  during  the  collision  process,  therefore 
the  gas  molecule  can  not  get  back  its  energy  again. 
When  the  number  of  adsorbate  molecule  is  changed, 
the  average  of  the  AE  is  also  different.  But  the  av¬ 
erage  of  each  group  is  almost  independent  on  the 
number  of  adsorbates.  Here  we  define  the  represen¬ 


tative  ratio  of  group  A,  as  77  = 

Na  is  the  number  of  molecules  of  group  A,  Nt  is 
total  number  of  gas  molecule  which  collides  on  sur¬ 
face,  and  no  is  the  number  density  of  adsorbate 
molecules  per  unit  area.  This  value  t)  shows  the 
ratio  of  group  A  to  the  all  molecules,  normalized 
by  the  na-  This  t]  is  always  about  0.4  when  the 
potential  parameters,  incident  energy,  surface  tem¬ 
perature,  and  the  number  of  adsorbates  are  varied. 
We  can  easily  estimate  the  ratio  of  Na/Nt  from 
this  relation,  and  total  average  of  AE. 

4  Concluding  Remarks 

The  scattering  process  of  gas  molecule  on  the  ad¬ 
sorbed  surface  is  simulated  in  the  2  dimensional  sys¬ 
tem. 

•  The  gas  molecule  which  makes  collision  on  the 
surface  can  be  put  into  two  groups  from  its 
pattern  of  energy  transfer. 

•  One  group  whose  molecule  collide  to  crystal 
molecules  shows  same  scattering  results  as  that 
on  clean  surface. 

•  The  average  of  transferred  energy  of  the  other 
group,  whose  molecule  collide  to  the  adsorbate 
molecule,  is  only  depends  on  the  incident  en¬ 
ergy,  not  on  the  potential  parameters. 

•  The  ratio  of  these  two  groups  can  be  estimated 
by  some  simple  formula. 
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Figure  1:  Average  of  transferred  energy  of  each 
group 
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1.  Introduction 

Proper  boundary  conditions  must  be  set  to  obtain  reliable  results  from  nu¬ 
merical  analysis  of  rarefied  gas  flows.  Recent  models  for  gas-surface  interaction 
are  based  on  knowledge  from  molecular  beam  experiments,  which  give  limited 
information.  Other  models  are  either  unrealistic  or  too  complicated  for  DSMC 
calculations.  Molecular  Dynamics  studies  are  able  to  give  quantitative  agreement 
with  experimental  data,  and  the  method  is  an  important  tool  for  the  understand¬ 
ing  of  the  dynamics  for  any  scattering  system.  In  this  paper,  based  on  the  large 
body  of  data  obtained  from  molecular  dynamics  simulationsl’1'1^1,  we  present  the 
Multi-stage  model  for  gas  molecules  scattering  from  solid  surfaces. 

2.  The  Multi-Stage  Model 

The  present  version  of  the  Multi-stage  model  is  for  the  Ar  or  02/Graphite 
system  (Fig.l).  Since  our  molecular  dynamics  calculations  were  performed  at 
the  energy  range  of  500  ~  2000K,  the  model  belongs  to  the  thermal  scattering 
regime.  The  basic  idea  of  the  model  is  to  separate  the  collision  into  different 
stages.  At  each  stage,  the  energy  loss,  the  scattering  direction  and  the  trapping 
probability  of  the  gas  molecule  will  be  determined  by  a  simple  model  equation. 
All  coefficients  used  in  the  equations  were  obtained  from  the  large  set  of  data  of 
molecular  dynamics  simulations. 

Stage  1  The  energy  transfer  stage  determines  the  translational  energy  loss 
A£'(r  and  rotational  energy  A£rot  after  each  collision.  Each  energy  has  a  corre¬ 
lation  with  the  initial  condition  of  the  gas  molecule,  Eir,  Ej-ot  and  0,„.  The  mean 
translational  energy  loss  <  AEfr  >  is  as  follows. 

<  AjE,r  >=  CnEtrCOS^O.n  +  CtEtrSin'^O,^  +  c.Erot  -  CsE,  (1) 

The  constants  c„  ~  c,  are  determined  from  MD  results.  The  standard  deviation 
a  of  AF^jr  also  can  be  expressed  by  the  same  formula.  Finally,  the  translational 
energy  loss  of  the  gas  molecule  can  be  determined  from  eq.(2),  where  fN{m,s^) 
gives  a  random  gaussian  distribution  with  m  and  as  the  mean  and  variance. 

AE, .  =  M<  AE,.  >,  <T(AE,f )  (2) 

Next,  Erotj  follows  a  similar  procedure  except  that  two  different  distributions 
are  given  depending  on  incident  rotational  energy  Erot-  If  Erot  <  lOOK,  a  combi¬ 
nation  of  the  Boltzmann  and  the  non-Boltzmann  distribution  is  given^^l.  If  Erot  > 
lOOK,  only  the  non-Boltzmann  distribution  is  given. 
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Stage  2  Next,  at  the  reflection  stage,  the  gas  molecule  reflects  from  the 
potential  energy  surface  <f).  Here  we  have  specular  reflection,  where  the  molecular 
velocity  component  parallel  to  the  potential  energy  surface  conserved  and  the 
normal  component  reversed.  We  have  simplified  <f>  with  z  =  A(a:,y)  using  the 
cosine  function  as  in  eq.(3). 

A(a;,y)  =  y  “  cos(ya;)}  +  03  (3) 

The  constants  a\  ~  03  are  set  to  fit  the  actual  potential  energy  surface,  but 
has  a  gaussian  distribution  since  the  potential  energy  surface  trembles  with  the 
vibrational  motion  of  the  solid  molecule. 

Stage  3  Finally,  the  gas  molecule  scatters,  reenters  or  is  trapped  to  the  surface. 
The  gas  molecule  scatters  if  it  has  enough  Etr^n  and  reenters  if  not  so.  After  15 
collisions  or  if  it  is  trapped,  the  diffuse  model  is  applied. 

Figure  2  is  a  comparison  with  molecular  beam  experiments  for  the  02/Graphite 
system.  The  initial  condition  is  set  to  <  Etr  >=  746K,  Trot=  50K  and  =  35, 
60°  (case  1,2).  The  solid  line  is  the  velocity  distribution  of  scattered  molecules 
obtained  from  experiments  and  the  open  symbols  are  results  from  the  present 
model.  Both  results  show  good  agreement.  Such  agreement  with  molecular  beam 
experiments  shows  the  superiority  of  the  present  model. 
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Fig.  1  02/Graphite  system 


Velocity  [m/s] 
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Influence  of  Surfece  Diffusion  and  Adsorbate  Interaction 
on  Heterogeneous  Catalysis  * 


Yu.  G.  Markoff 

Institute  for  Mathematics  and  Mechanics  Saint-  Petersburg  State  University 

St-  Petersbur,  RUSSIA 


In  the  present  report  the  influence  of  surface  diffu¬ 
sion  and  lateral  interactions  of  reactants  on  hetero¬ 
geneous  catalytic  reactions  are  investigated.  The 
kinetics  of  adatoms  are  discribed  in  the  frame  of  so 
callled  generalized  kinetic  BET  -  model  (GKBET  - 
model)  [1,2].  I  choose  circular  active  sites  of  radius 
Ca  and  consider  the  reaction  to  occur  only  on  the 
perimeter.  According  to  assumptions  of  GKBET  - 
model  the  reaction  on  an  active  site  is  described  by 
the  equation 

dte[r,i)  =  xdf[D{e)q-(e)dfB^(e)]^ 

q{e)[b.-B‘>{e)],  (1) 

=  j4^exp{-^0}exp{-/3e^'<'}, 

6.  =  ^exp{0(°], 

with  the  boundary  conditions  0{ra)  -  0,  6(r)  0, 

if  r  — >  00.  In  this  equation  are  the  diffusion 
and  adsorption  potentials,  respectively:  0(f,t)  is  the 
coverage:  q{0)  =  1-0;  X  =  (u;./fl,)exp{/?((;-fP)}; 
ui.,a.  are  the  average  probabilities  of  diffusion 
jumps  and  desorption;  cP  ”  are  the  average  diffu¬ 
sion  and  adsorption  potentials:  j  is  the  density  flux 
of  ga.seous  atoms;  er  is  the  area  of  a  cell;  u  is  the 
attempt  frequency  of  adatoms;  T  is  the  tempera¬ 
ture;  6.  =  (jff/u);  (p  =  0  =  (^■7’)"',  2  is 

the  coordination  number  of  adsorbate,  fnn  is  the 
energy  of  lateral  interactions  of  adatoms,  0,  is  the 
equilibrium  solution  of  Eq.(l).  In  the  Eq.(l)  the 
operators  are  written  in  the  form  of  mean 

field  approximation.  Other  types  of  ad.sorbate  in¬ 
teraction  approximations  are  considered  also.  It  is 
the  peculiarity  of  the  GKBET  -  model  that  in  this 
model  the  choosen  approximation  of  adsorbate  in¬ 
teractions  determines  the  form  of  the  diffusion  and 
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adsorption  -  desorption  operators.  So  it  is  necessar¬ 
ily  to  consider  unified  diffusion  -  adsorption  -  des¬ 
orption  process  in  the  general  case.  In  the  case  of 
quasistationary  solutions  of  Eq.(I)  the  equation  for 
chemical  potential  of  adsorbate  is  obtained  without 
any  apriori  assumptions  about  the  type  of  adsorbate 
interactions.  In  the  report  the  criteria  of  Langmuir 
-  Hinshelwood  and  Elea  -  Rideal  reaction  kinetics 
in  the  dependence  on  the  <f>,h,,T  are  established. 
There  are  done  the  expressions  of  reaction  rates. 
Also  the  comparison  of  results  obtained  in  the  frame 
of  GKBET  -  model  with  experimental  data  and  the 
results  of  other  authors  are  carried  out  using  the 
singular  spectrum  analysis.  References 

1.  Dubrovskiy  G.V.  (1994):  Realistic  kinetic 
boundary  conditions  on  surfaces.  Proceedings  of 
RCD18  Symposium,  158,  554  -  561.  Vancouver, 
Canada. 

2.  Dubrovskiy  G.V.,  Kuzmenko  A.V.,  Markoff 
Yu.G.  (1995):  A  three  -  dimensional  lattice  gas  ap¬ 
proximation  for  multilayer  adsorption.  Theoretical 
and  Mathematical  Physics,  105,  1291  -  1306. 


56 


Gas  -  Surface  interaction  -  GS  P 


Numerical  Analysis  of  Two-Dimensional  Sink  Flow  of 
Rarefied  Gas  to  Absorbing  Part  of  Plane  Boundary  * 

E.M.  Shakhov,  V.A,  Titarev 
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The  paper  deals  with  two-dimensional  steady  flow 
of  rarefied  monoatomic  gas  which  is  at  rest  at  infin¬ 
ity  and  involved  into  motion  because  of  absolute  ab¬ 
sorption  at  a  part  of  plane  boundary.  The  flow  may 
be  treated  as  a  model  for  flow  to  cryogenic  panel  at 
the  bounding  surface  or  a  sink  flow  through  a  slit. 
The  problem  is  investigated  by  numerical  integra¬ 
tion  of  the  kinetic  model  equation.  As  boundary 
conditions  out  of  the  absorbing  part  of  the  bound¬ 
ing  plane  wall  the  specular  reflection  or  completely 
diffuse  scattering  of  molecules  is  assigned. 

Far  from  absorbing  surface  a  radial  flow  is  formed 
that  is  in  correspondence  with  the  subsonic  branch 
of  gasdynamical  solution  for  cylindrical  sink.  Near 
absorbing  part  of  the  boundary  the  flow  is  essen¬ 
tially  non-radial  one.  Under  boundary  condition 
of  specular  reflection  at  the  plane  wall  out  of  the 
sink  and  for  small  Knudsen  number  the  effect  of 
rarefaction  appears  mainly  near  absorbing  part  of 
the  plane.  However,  under  diffuse  molecular  scat¬ 
tering  a  boundary  layer  at  the  surface  is  formed  in 
addition.  This  layer  is  of  unusual  structure  because 
its  thickness  first  increases  in  sink  direction  from 
zero  at  infinity  to  a  maximum  and  then  decreases 
to  zero  again  in  close  nearby  of  the  sink.  These 
understandable  qualitative  feartures  of  the  flow  are 
confirmed  by  numerical  studies. 

The  main  computed  integral  flow  characteristic  of 
principal  interest  is  the  mass  flux  through  the  ab¬ 
sorbing  part  of  the  bounary  as  a  function  of  Knud¬ 
sen  number.  This  relation  is  presented  for  both 
specular  and  diffuse  boundary  condition. 

The  solution  is  compared  with  that  obtained  for 
radial  flow  to  absolutely  absorbing  cylinder. 
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Low  Temperature  Oxidation  of  Semiconductor  Surfaces 
with  Fast  Atomic  Oxygen  * 

J.  C.  Gregory^,  S.  Cook^,  M.  A.  George*,  M.  A.  HofFbauer^,  and  T.  H.  Prettyman^ 

*  University  of  Alabama  in  Huntsville 
^  Los  Alamos  National  Laboratory 


In  a  series  of  space  flight  experiments  and  labora¬ 
tory  simulations  of  the  hyperthermal  atomic  oxygen 
environment  of  space  we  have  investigated  the  ox¬ 
idation  of  semi-conductor  surfaces  at  temperatures 
from  ambient  to  a  few  hundred  degrees  Centigrade. 
W’e  typically  observe  accelerated  reaction  rates  far 
greater  than  those  observed  at  the  same  temper¬ 
atures  with  molecular  or  thermal  atomic  oxygen. 
Tliere  ar('  several  applications  of  this  discovery,  one 
Ix'lng  the  ability  of  growing  passivation  oxide  layers 
(Ml  compound  semiconductors  at  temperatures  be¬ 
low  whicli  they  decompose  or  otherwise  are  modi¬ 
fied  causing  degradation  of  their  beneficial  electrical 
properties.  The  oxidation  of  a  Ge  surface  by  orbital 
atomic  oxygen  is  described  and  that  of  a  cadmium 
zinc  telluride  gamma-ray  detector  crystal.  The  lat¬ 
ter  produced  a  notable  fall  in  surface  leakage  cur¬ 
rent  and  improvement  in  gamma-rayline  re.solution. 

Germanium 

Thin  films  of  Ge  on  one-inch-diameter  fused  silica 
optical  flats  were  exposed  to  5  e\'  atomic  oxygen 
on  the  Long  Duration  Exposure  Facility  (LDEF) 
(Gregory  and  Peters.  198-1).  The  films  were  RF- 
sputter  deposited  and  of  thicknesses  22  and  67  nm. 
The  films  were  characterized  by  optical  transmis¬ 
sion.  stylus  profilometry  using  a  Taylor-  Hob.son 
Talystep,  x-ray  photoelectron  spectroscopy  (XPS) 
and  thin  film  x-ray  diffractometry  (XRD).  The  films 
were  exposed  to  a  total  fluence  of  9  x  10*'  oxygen 
atoms  cm”‘  at  a  substrate  temperature  of  abotit 
290  K.  Half  of  each  film  was  covered  by  a  mask  dur¬ 
ing  the  flight  exposure,  and  served  as  a  reference  or 
control  sample. 

After  flight,  the  Ge  films  were  much  more  optically 
transmissive  in  the  area  exposed  to  fast  oxygen  and 
in  the  case  of  the  22  nm  film,  were  almost  invisible 
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to  the  eye.  Stylus  profilometry  measurements  how¬ 
ever  showed  that  the  oxidized  film  was  still  present, 
with  a  measured  thickness  of  about  40  nm.  XPS 
measurements  showed  the  exposed  area  of  both 
films  to  be  covered  with  a  C,0  and  Si-containing 
layer  of  contamination  about  10  nm  thick.  XRD  re¬ 
sults  (Figure  1,  Gregory  et  al.,  1995)  obtained  with 
a  Rigaku  D  Max  3BX  Thin  Film  Diffractometer  on 
the  thin  Ge  film  showed  only  Ge02.  A  22  nm  thick 
Ge  film  totally  converted  to  theoretical 


iO.  20  .  30  .  40  .  50  .  60  .  70. 


D^rces.  3  Ibeti 

Figure  1:  X-ray  diffraction  pattern  obtained  from 
the  oxidized  22  nm  Ge  film  exposed  on  LDEF  exper¬ 
iment  AOl  14.  Vertical  lines  correspond  to  File  4-497 
(Ge02)  from  the  Powder  Diffraction  File.  Diffrac¬ 
tion  lines  from  Fe  are  not  observable. 

density  Ge02  would  have  a  thickness  of  28  nm.  To¬ 
gether  with  lOnm  of  amorphous  contamination  this 
yields  a  total  thickness  consistent  with  that  mea¬ 
sured  with  the  stylus.  XRD  was  not  performed  on 
the  thicker  film,  but  from  its  partial  optical  trans¬ 
missivity  and  measured  film  thickness  of  104  nm, 
it  was  indicated  that  some  50  nm  of  Ge  had  been 
converted  to  oxide  with  about  20  nm  of  elemental 
Ge  remaining. 

In  summary,  we  noted  that  Ge  surfaces  were  con¬ 
verted  at  ambient  temperature  to  stoichiometric 
Ge02  of  sufficient  crystallinity  and  thickness  to 
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yield  strong  x-ray  diffraction  patterns.  Up  to  50 
nm  of  Ge  were  converted  to  oxide  under  these  con¬ 
ditions.  The  flight  experiment  did  not  allow  deter¬ 
mination  of  the  temperature  response  of  the  reac¬ 
tion  but  yielded  the  idea  that  oxide  layers  of  useful 
thickness  might  be  grown  on  other  semiconductor 
surfaces  of  importance  at  temperatures  far  below 
those  required  for  normal  oxidation. 

Cadmium  Zinc  Telluride, 

Cdi_xZnxTe 

Cadmium  zinc  telluride  (CZT)  is  a  ternary  com¬ 
pound,  wide  band-gap,  semiconductor  with  at¬ 
tractive  potential  for  room-temperature  gamma- 
ray  spectroscopy.  Until  recently,  its  utility  has 
been  limited  by  the  experimental  difficulty  of  mak¬ 
ing  high  resistivity  crystals  with  uniform  electrical 
properties  over  the  required  detector  volumes  (sev¬ 
eral  cm^). 

The  performance  of  CZT  detectors  is  also  influenced 
by  surface  and  contact  effects.  Surface  leakage  in¬ 
creases  the  dark  current,  especially  in  gridded  or 
pixellated  devices.  As  the  quality  of  the  bulk  ma¬ 
terial  improves,  the  noise  contribution  from  surface 
leakage  becomes  much  more  important  and  may  be¬ 
come  the  dominant  factor. 

A  number  of  passivation  methods  have  been  stud¬ 
ied  to  reduce  surface  leakage.  These  include  the  use 
of  passivating  paint,  and  oxidation  by  aqueous  hy¬ 
drogen  peroxide  (Chen  et  al.  1997).  More  recently 
it  has  been  found  that  atomic  oxygen  may  produce 
the  best  passivation  to  date  (Chen  et  al,  1998). 


Figure  2:  XPS  Spectra  of  CZT  samples. 

Detector-grade  crystals  of  CZT  were  exposed  at  sev¬ 
eral  temperatures  to  the  fast  atomic  oxygen  beam 
at  Los  Alamos  National  Laboratory.  The  surface 


oxide  phases  produced  were  characterized  in  the 
Laboratory  for  Materials  and  Surface  Science  at 
the  University  of  Alabama  in  Huntsville  using  XPS, 
sputter-depth  profiling,  thin-film  x-ray  diffraction 
and  atomic  force  microscopy.  Figure  2  shows  the 
Te  3d  line  spectra  for  a  freshly  cleaved  surface, 
one  covered  with  very  thin  native  oxide,  and  two 
other  surfaces  exposed  to  the  fast  O  beam.  These 
results  and  others  clearly  show  that  stoichiomet¬ 
ric  layers  of  TeOa  are  formed  on  the  surface  with 
film  thicknesses  depending  on  substrate  temper¬ 
ature  and  exposure  time.  AFM  results  show  a 
more  homogeneous  surface  after  exposure.  Elec¬ 
tronic  characterization  and  gamma-ray  resolution 
measurements  made  at  the  662  keV  line  of  ^^^Cs 
showed  marked  improvement  in  performance  of  the 
detectors.  These  results  are  discussed  in  detail. 

References 

[1]  H.  Chen,  K.  Chattopadhay,  K-T.  Chen,  A. 
Burger,  M.  A.  George,  J.  C.  Gregory,  P.  K. 
Nag,  J.  J.  Weimer  and  R.  B.  James,  Passiva¬ 
tion  of  CdZnTe  Surfaces  by  Oxidation  in  Low 
Energy  Atomic  Oxygen,  accepted  for  publica¬ 
tion  in  J.  Vac.  Sci.  Technol.,1998. 

[2]  K-T.  Chen,  D.  T.  Shi,  H.  Chen,  B.  Grander- 
son,  M.  A.  George,  W.  E.Collins,  A.  Burger 
and  R.  B.  James,  Study  of  Oxidized  Cadmium 
Zinc  Telluride  Surfaces,  J.  Vac.  Sci.  Technol. 
B,15(3)(1997)l. 

[3]  J.C. Gregory  and  P.N. Peters,  The  Interaction 
of  Oxygen  Atoms  with  Solid  Surfaces  at  Orbital 
Altitudes,  in  The  Long  Duration  Exposure  Fa¬ 
cility  (LDEF):  Mission  1  Experiments  ,  L.  G. 
Clark,  W.  H.  Kinard  Editors,  NASA  Langley 
Research  Center,  NASA  SP-  473:14,(1984). 

[4]  J.  C.  Gregory,  G.  N.  Raikar,  J.  B.  Cross,  M. 
A.  Hoffbauer  and  P.  N.  Peters,  Surface  Pro¬ 
cessing  of  Semiconductors  with  Atomic  Oxy¬ 
gen,  AIP  Conference  Proceedings  No  325,  Eds 
M.S.AlGenk  and  R.P. Whitten,  American  In¬ 
stitute  of  Physics,  New  York,  (1995). 


59 


Gas  -  Surface  interaction  -  GS  P 


Kinetic  Model  of  Gas-Surface  Interaction  * 

V.D.  Seleznev*,  I.P.  Alexandrychev^ 

*  Ural  State  Technical  Univesity,  Ekaterinburg,  Russia 
^  Industrial  Ecology  Institute  of  RAS,  Ekaterinburg,  Russia 


As  well  as  the  majority  of  real  physical-chemical  phenomena  observed  in  heterogeneous  systems,  the 
scattering  of  gas  molecules  from  surface  represents  an  extremely  complicated  scientific  problem.  Certainly, 
it  is  stipulated  by  a  large  number  of  the  interacting  objects  and  various  factors  influencing  to  its  character. 
For  this  reason  the  exact  solution  of  the  given  problem  is  hardly  possible  in  general  and  all  theoretical 
approaches  to  analysis  based  on  ’’first  principles”  can  serve  faster  only  as  a  good  basis  for  the  further 
inevitable  approximations.  Even  the  simplest  case  of  the  scattering  of  an  unstructured  gas  particle  from 
the  surface  of  ideal  single  crystal  has  not  received  the  full  and  final  theoretical  interpretation  up  to  the 
present  moment. 

Fortunately,  there  is  no  need  of  clearing  up  of  all  details  of  the  happening  by  scattering  in  the  over¬ 
whelming  majority  cases  of  practical  application  of  such  solution,  and  some  averaged  outcome  data  are 
enough.  From  this  point  of  view  the  use  of  the  possibilities  of  statistical  physics  is  rather  perspective. 
However,  the  combined  application  of  achievements  of  the  common  scattering  theory  and  advantages 
of  the  statistical  analysis  of  systems  with  large  number  of  particles  are  even  more  successful.  One  of 
alternative  modes  of  the  realization  of  such  approach  to  interpretation  of  phase-boundary  interaction  in 
gas-solid  system  is  presented  bellow.  The  scattering  kernel  taking  into  account  such  important  surface 
processes  as  adsorption  and  desorption  was  constructed  with  its  help. 

The  basis  of  this  approach  is  a  representation  of  gas-surface  interaction  potential  C/(f)  as  a  superposition 
of  the  weak  attraction  and  intensive  repulsion,  which  are  concentrated  in  different  spatial  areas.  The 
distinction  in  the  character  of  phase-boundary  interaction  in  the  gas-solid  systems,  when  the  distance  of 
molecules  from  surface  are  reduced,  results  in  the  essential  difference  of  the  gas  evolution  process  in  two 
corresponding  areas  of  surface  layer.  In  the  area  of  attraction  the  relaxation  is  stipulated  by  interaction 
molecules  with  low-energy  lattice  phonons,  therefore  it  proceeds  slowly.  Opposite  in  repulsion  region  one 
or  several  high-energy  phonons  may  be  born  and  destroyed  by  each  collision  of  gas  molecules  with  solid 
atoms  and  the  condition  of  gtus  may  change  dramatically.  In  addition  to  that,  the  size  of  attraction  area 
and  weakness  of  interaction  of  the  gas  particles,  which  are  here,  with  the  fluctuating  potential  field  of 
crystal  leads  very  often  to  the  situation,  when  the  statistical  analysis  of  this  subsystem  becomes  useful. 
Taking  also  into  account  the  fact,  that  it  is  enough  to  describe  the  evolution  of  gas  in  this  area  of  surface 
layer  quasiclassically  in  the  wide  range  of  the  scattering  conditions,  there  is  the  natural  desire  to  use 
existing  possibilities  to  simplify  of  the  common  formalism. 

For  reaching  of  this  purpose  and  for  constructing  the  kinetic  approach  to  the  interaction  between  phases 
of  the  gas-solid  systems  the  attempt  of  the  separate  analysis  of  the  inelcistic  processes  in  both  surface 
areas  of  the  gas  phase  was  undertaken  Thus  the  mathematical  interpretation  of  scattering  can  be  given 
on  the  basis  of  two  operators  G  and  H .  The  first  operator  characterizes  slow  evolution  of  the  density 
matrix  of  gas  particles  in  attraction  layer  p(t)\  and  it  exhibits  quantum  properties  very  rarely.  The 
second  operator  gives  the  result  of  scattering  of  molecules  from  the  repulsion  region.  This  part  of  the 
solution  comprises  exactly  almost  all  quantum  peculiarities  of  gas-solid  systems  observed  in  experiments 
(e.g.  ’’rainbow  scattering”,  diffraction  etc.). 

Since  the  process  of  scattering  is  usually  a  sequence  of  oscillations  of  gas  molecule  in  the  surface  potential 
field,  frequently  called  ’’hops”,  it  is  possible  to  present  the  connection  between  the  density  matrix  of 
the  incident  on  the  surface  particles  of  gas  p~  (<)  and  the  density  matrix  of  the  scattering  from  surface 
molecules  />■*■(<)  as  the  infinite  series 
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p+(t)  =  G+  £(^G-)V-(t)  =  Rp-{t)  (1) 

*=0 

where  G'^p{t)  =  Gp[t)  IrgOsi  G~p{t)  =  Gp{t)  Iren*)  ^^5  “id  Qfl  is  accordingly  the  external  and  internal 
boundary  of  attraction  layer. 

From  equation  (1)  it  is  obvious,  that  the  solution  of  scattering  problem  is  reduced  to  the  definition  of 
the  concrete  appearance  of  operators  G  and  H.  Certainly,  in  the  common  case,  such  variant  of  the 
analysis  has  no  advantages  before  the  traditional  approaches.  However,  if  the  one-particle  and  moreover, 
quasiclassical  statistical  interpretation  of  gas  behaviour  in  the  attraction  region  is  possible,  the  sectoring 
problem  becomes  essentially  simpler.  In  this  case,  operator  G  and  the  derivative  of  it  operators  G"*"  and 
G~  are  determined  by  a  solution  of  the  appropriate  kinetic  equation  (frequently  this  is  a  Fokker-Plank 
equation)  and  the  operator  H  represents  the  scattering  function  of  gas  particles  from  repulsion  potential, 
which  can  be  obtained  on  a  basis  of  common  quantum  mechanical  approaches  with  a  consequent  average 
on  quantum  states.  Then  the  boundary  condition  connecting  the  quasiclassical  one-partial  distribution 
function  of  the  incident  molecules,  /“  (r,  v,  i),  and  the  similar  distribution  function  of  molecules  scattered 
from  surface,  is  as  follows 


f+{r,v,t)  = 


Gt  +  Gtf^iHG-^)^  HG-s 


k=l 


Vz  I  /  (r,  V,  <) 


(2) 


where  GJ  and  Gj  determine  the  leaving  gas  streams  on  the  boundaries  and  with  the  given  entering 
stream  on  the  boundary  Qs-  Operators  G^  and  G^  define  the  same,  but  with  entering  stream  on  the 
surface  fl/j.  The  expression  (1)  can  be  transformed  to  its  usual  form  of  the  integrated  boundary  condition 
with  the  scattering  kernel.  Then,  for  example,  in  stationary  case  it  will  look  like  (here  =  {r,  r}) 

I  Vz  I  rw  =  /  df'  f  dv'  I  v'  I  $)  ,  (3) 

ns  Vi  <0 


R  {$'  ^  =  G+(^'  £  /  dr"  I  dv"  G+(^"  $)  Wk($'  $")  , 

*='n„  v/>o 

W,[^'  ->  ^)  =  /  dr-  f  dv,H{l  G-{^'  <?.)  , 

ns  v,.<o 

dr  2  J  dtJj  H  {4>2  —^$)J  dr  I 

<0  fl/i  Ui,>0 

Such  a  look  of  the  scattering  kernel  except  its  relative  simplicity  also  has  one  more  very  important 
advantage:  with  its  help  it  is  possible  not  only  to  describe  the  result  of  scattering,  but  also  to  analyze 
the  behaviour  of  gas  particles  in  area  of  the  phase-boundary  interaction  (Here  it  means  the  trapping  of 
them  by  physical-adsorption  potential  hole  of  the  surface,  the  gradual  thermalization  and  consequent 
desorption).  Besides  that,  the  possible  multi-phonons  interaction  is  already  considered  in  the  structure  of 
scattering  kernel  and  is  described  in  the  most  natural  way.  It  is  necessary  to  tell,  that  besides  the  regime 
of ’’thermal  scattering”,  for  which  the  validity  of  the  given  approach  is  proved  strictly  the  expression  (3) 
should  also  remain  quite  efficient  in  the  condition  of ’’structural  scattering”  at  high  energies  of  incident  gas 
particles,  as  in  this  case  the  result  of  scattering  is  almost  completely  determined  by  processes  happening 
in  the  repulsion  region,  but  exactly  this  part  of  the  common  task  is  offered  to  have  a  strict  consideration 
within  the  framework  of  the  common  scattering  theory. 

With  practical  application  of  expression  (3)  for  the  analysis  of  the  ’’thermal  scattering”  regime  we  approx¬ 
imated  the  attractive  potential  by  right-angled  step,  and  for  the  determination  of  functions  G^ ,  Gj ,  G^ 
and  GJ  we  used  the  known  variant  of  the  scattering  interpretation  by  Cercignani  and  Lampis.  Finally  we 
could  construct  a  very  simple  scattering  kernel,  which  has  allowed  us  not  only  to  describe  large  number 
of  the  known  experimental  facts,  but  also  has  obtained  a  very  interesting  information  about  processes  of 
the  interaction  between  phases  of  gas-solid  systems. 


W,{^'  -^  $)  =  J 


/ 


dviG^(^i^  ^a)  ^  ^i) 
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Processes  of  sticking,  termalization  and  accommo¬ 
dation  do  not  take  the  last  place  in  the  problem 
of  gas  atoms  scattering  from  surface.  However,  de¬ 
spite  of  the  steadfast  and  productive  attention  to 
these  processes  from  measurementors  the  theoreti¬ 
cal  investigations  has  appeared  not  up  to  the  mark, 
and  there  are  some  moments  requiring  the  serious 
analysis  and  explanation  now.  So,  for  example,  the 
principle  of  detailed  balance  for  sticking-desorption 
processes,  which  is  used  rather  frequently  for  de¬ 
termination  of  differential  sticking  coefficient  S  and 
differential  desorption  probability  D 

S(v,0,T^)  /m(v,T,)  COS0  =  D(v,6,T,) 

(1) 

(here  is  a  Maxwell  distribution  and  6  is  the  de¬ 
viation  from  the  surface  normal)  includes,  in  par¬ 
ticular,  the  assumption  that  the  distribution  of 
gas  trapped  in  physiadsorption  potential  hole  is 
Maxwellian.  However  the  given  fact  is  not  distinct 
at  all  since  only  the  distribution  of  all  particles 
should  be  Maxwellian  in  thermal  equilibrium  sys¬ 
tem,  but  any  part  of  scattering  stream  may  have  not 
this  property.  In  addition  to  that,  the  equation  (1) 
supposes,  that  all  gas  molecules,  which  were  trans- 
fered  in  the  bound  state,  are  equilibrium  with  the 
surface  (therefore  they  are  completely  thermalized), 
but  it  does  not  correspond  to  the  reality  frequently. 
Moreover,  in  such  notation  the  fully  valid  assump¬ 
tion  about  the  non-equilibrium  of  the  desorption 
stream  is  not  accompanied  even  by  hints  on  the 
reasons  of  violation  of  the  thermal  equilibrium  in 
desorption. 

One  more  problem  arises  after  familiarity  with  the 
definition  of  accommodation  coefficients,  especially 
differential  ones,  in  case,  when  the  incident  stream 
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is  monoenergetic  beam 

9{^)-  I 

~  P(tf')  -JmJ  9{v)  I  V,  I  fM{v)dv 

t/»>0 

where  g{v)  is  the  molecular  indicator  and  = 
2{7r/2RT,y/^.  It  is  not  easy  to  see,  that  the  denom¬ 
inator  of  this  expression  can  be  converted  to  zero. 
Then  for  the  continuity  of  functions  a(g)  it  is  neces¬ 
sary,  at  least,  that  numerator  (2)  was  also  equal  to 
zero.  It  would  mean  the  unique  character  of  scat¬ 
tering  of  the  gas  stream  possessing  an  equilibrium 
value  of  any  molecular  indication  p(tf).  It  should 
happen  without  the  variation  ^/(r).  However,  taking 
into  account  the  sufficient  effectiveness  of  exchange 
processes  by  scattering,  such  preservation  of  equilib¬ 
rium  values  of  the  macroscopic  characteristics  with¬ 
out  delay  is  more  surprising,  than  it  is  expected. 
Furthermore  the  expression  (2)  also  includes  the  as¬ 
sumption  about  the  fact  that  the  gas  distribution 
after  full  accommodation  is  Maxwellian,  which  re¬ 
mains  by  a  peculiar  axiom  till  now. 

First  of  all,  to  understand  the  expressed  doubts  it 
is  necessary  to  analyse  the  trapping  of  gas  particles 
by  surface  and  their  behaviour  in  the  bound  state, 
including  processes  of  thermalization  and  desorp¬ 
tion.  We  make  it  in  terms  of  scattering  kernel.  It 
is  supposed  to  inform  about  details  of  construction 
of  this  scattering  kernel  in  other  report  on  the  same 
symposium.  It  is  known,  that  the  scattering  process 
represents  a  series  of  oscillations  of  molecules  in  the 
fluctuating  potential  field  of  solid.  For  the  purpose 
of  creation  of  the  gas-solid  interaction  model  the 
rather  productive  possibility  of  separate  consistent 
describing  of  each  oscillation  is  used,  due  to  which 
the  obtained  scattering  kernel  has  the  ability  not 
only  to  calculate  the  final  result  of  scattering,  but 
also  to  characterize  gradual  evolution  of  gas  in  sur¬ 
face  region  including  thermalization. 

Ck>ming  back  to  the  problems  considered  here,  it 
is  possible  to  tell,  that  the  approrich  to  the  prob- 
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lem  of  gas-solid  interaction  realized  here  allows  us 
to  divide  the  reflected  stream  into  three  components 
rather  easily:  direct  scattering,  trapping-desorption 
and  adsorption-desorption.  The  first  channel  con¬ 
tains  particles  which  have  made  the  unique  oscilla¬ 
tion  in  surface  region  and  the  distinction  between 
two  last  scattering  channels  consists  in  the  different 
degree  of  thermalization  of  particles  belonging  to 
it.  So,  the  trapping-desorption  scattering  process  is 
carried  out  without  a  full  equilibration  of  molecules 
with  crystal,  and  the  adsorption-desorption  channel 
corresponds  to  a  full  thermalization. 

Without  doubts,  the  most  important  moment  of  the 
conducted  analysis  is  the  conclusion  that  the  veloc¬ 
ity  distribution  of  gas  after  full  thermalization  never 
coincides  with  Maxwellian.  The  distinctions  are  in¬ 
creased  with  surface  temperature,  however  simul¬ 
taneously  the  weight  of  the  adsorption-desorption 
channel  decreases.  The  greatest  deviations  are  ob¬ 
served  for  large  normal  velocities  though  they 
are  quite  appreciable  and  for  ~  0.  It  is  fully  nat¬ 
ural,  since  the  molecules  have  normal  velocity  more 
than  critical  value  v, ,  when  leaving  the  adsorption 
layer,  while  it  receives  the  particles  with  <  u, . 
Thus,  the  thermalizated  distribution  takes  place  of 
Maxwellian  distribution  during  analysis  of  gas  evo¬ 
lution  in  surface  region.  As  well  as  Maxwellian  func¬ 
tion,  this  distribution  depends  on  temperature  of 
the  system,  but  besides  this  it  is  influenced  by  such 
parameters  as  the  height  of  adsorption  barrier  and 
the  speed  of  relaxation  of  gas  during  its  interaction 
between  phases  of  gas-solid  system. 

The  distribution  function  of  the  full  thermalizate 
molecules  is  as  follows: 

/t(v)  =  fM(D,T,)€xp  ,  (3) 

where 

0 

J  dv'^Wi,{-Vz-*-v'^) 

Bk-i(-v',)  ,  BiK)  =  l  , 

and  N  is  the  number  of  oscillation  after  which  it 
is  possible  to  consider,  that  the  molecules  stayed  in 
the  surface  region  have  completely  lost  the  ’’mem¬ 
ory”  on  the  condition  up  to  the  incident.  As  well  as 
it  was  necessary  to  expect  that  this  number  is  lim¬ 
ited  by  the  velocity  of  gas  relaxation  on  tangential 
directions,  since  it  is  well  known,  that  this  velocity 
is  essentialy  less  than  the  relaxation  rates  on  nor¬ 
mal  direction.  So,  for  example,  for  a  system  Ar/Pt 


at  surf8w;e  temperature  T,  =  200  K  the  normal  com¬ 
ponent  of  velocity  distribution  is  gained  its  stable 
form  after  20  oscillations,  whereas  already  100  hops 
are  needed  for  the  full  thermalization  of  the  tangen¬ 
tial  part.  By  this  approximately  25%  of  the  incident 
molecules  remeun  in  the  surface  layer.  The  function 
Wi  representing  the  scattering  kernel  for  one  sepa¬ 
rate  oscillation  is  determined  by  concrete  solutions 
of  both  the  gas  evolutionary  equation  in  the  attrac¬ 
tion  region  and  reflection  problem  of  gas  particles 
from  repulsion  potential. 

During  the  analysis  of  the  continuousity  of  accom¬ 
modation  coefficient  given  by  equation  (2),  the  flux 
mean  kinetic  energy  and  flux  mean  normal  kinetic 
energy  were  considered  by  scattering  of  monoen- 
ergetic  collimating  beam  from  surface.  Although, 
when  the  beam  mean  kinetic  energies  had  the  equi¬ 
librium  values,  small  deviations  (about  10%)  of  the 
scattered  flux  mean  kinetic  energies  from  the  equi¬ 
librium  values  were  observed,  it  is  too  early  to  make 
an  univalent  conclusion  about  continuously  and  dis- 
continuously  of  the  functions  (2).  Firstly,  the  devi¬ 
ation  can  be  connected  with  the  shortage  of  infor¬ 
mation  about  the  velocity  of  relaxational  processes 
during  gas-solid  interaction.  Secondly,  it  can  be  in¬ 
fluenced  by  the  nonadequation  of  the  definition  (2) , 
since  the  gas  has  not  Maxwellian  velocities  distribu¬ 
tion  frequently,  when  it  was  desorbed  from  surface 
after  full  accommodation.  Undoubtedly  to  clear 
up  the  given  situation,  the  experimental  research 
of  this  problem  can  help  greatly. 
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1  Introduction 

The  measurement  of  a  normal  momentum  transfer 
characteristics  of  gas-surface  interaction  is  of  im¬ 
portance,  relating  to  the  aeronautics  and  vacuum 
sciences  and  technologies.  Besides  the  such  kind 
information  is  useful  for  adequate  process  simula¬ 
tions.  For  this  measurement  the  dynamical  method 
has  been  suggested  earlier  [1]. 

Experimental  study  of  normal  momentum  transfer 

in  gas-solid  body  system  by  dynamical  technique 

has  some  advantages 

i)  simplicity  of  the  measuring  technique; 

iil  integral  character  of  the  result  data; 

iii)  low  non-equilibrium  conditions  of  gas-solid  body 

.system. 

Tlie  absolute  gas  pressure  must  be  known  to  de¬ 
termine  some  characteristics  of  normal  momentum 
transfer  in  the  rarefied  gas  -  surface  system  by  this 
technique.  The  problem  of  measurement  the  gas 
absolute  pressure  at  10“ 'Pa  and  less  is  well  known 
[2].  The  second  problem  is  connected  with  one  men¬ 
tioned  above  is  creation  of  the  accurate  value  of  gas 
pressure  at  this  range.  Actually  in  real  situation 
the  residual  gas  and  outgassing  process  form  the 
gas  phase  in  gas  -  solid  body  system. 

The  general  purpose  of  the  present  investigation  is 
to  develop  an  experimental  technique  based  on  low 
non-equilibrium  conditions  for  measuring  the  nor¬ 
mal  momentum  transfer  between  different  gas  mix¬ 
tures  and  single  crystal  silicon  surface  under  low  gas 
pressure. 

2  Experimental  background 

The  experimental  apparatus  has  been  described  in 
details  elsewhere  [3].  The  main  elements  of  the 
experimental  set-up  are  L-C  oscillator,  frequency- 
sensitive  detector,  amplifier,  computer.  The  gas 
mixture  composition  is  controlled  by  monopole 
mass  spectrometer  at  10"®Pa  and  less.  The  single 
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Mass,  Amu 

2 

4 

18 

28 

40 

Regime  1 

96 

4 

Regime2 

62 

13 

11.6 

12.2 

1.2 

Table  1:  Composition  of  vacuum  chamber  out- 
gassing  gas  mixtures  at  two  measurement  regimes, 
p.c. 

crystal  silicon  plate  has  been  prepared  by  chemical 
etching  with  square  dimension  (5x5)mm.  The  plate 
resonance  oscillation  frequency  is  1250  Hz. 

An  essential  stage  of  the  experimental  procedure 
is  damping  coefficient  measurement  for  free  linear 
oscillations  of  the  plate  at  fixed  gas  pressures.  The 
relative  pressure  variations  are  measured  by  mass 
spectrometer. 

Free  molecular  gas  flow  conditions  are  supplied  by 
low  pressure  and  small  amplitude  of  the  plate  oscil¬ 
lations. 

It  should  be  emphasized  that  no  special  cleaning 
operations  are  performed,  meaning  that  the  surface 
is  contaminated  with  various  oxides,  vapors,  and 
adsorbed  gases. 

The  gas  mixtures  in  vacuum  chamber  are  formed 
by  the  outgassing  process  from  different  elements 
of  the  vacuum  system.  The  chemical  composition 
of  the  mixture  corresponding  to  measured  damping 
coefficient  is  presented  in  Table  1. 

3  Results 

The  results  of  damping  coefficient  as  pressures  ratio 
^  are  presented  in  graphical  form  in  Fig.  1  .  Pq  is 
some  initial  pressure. 

Observing  the  data  permits  to  make  the  following 
conclusions. 

•  The  damping  coefficient  is  linear  in  the  pres¬ 
sure. 

•  The  experimental  results  clear  indicate  an  in¬ 
crease  in  damping  coefficient  with  increasing 
of  effective  mass  of  the  gas  mixture.  The  re¬ 
sults  for  two  gas  mixtures  exhibit  considerable 
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«  Regime  1 
•  Regime  2 


P/Pfl 


2-q2 


<2, 


(3) 


where  aj,  and  aj  are  NMACs  for  two  respective 
regimes. 

In  present  study 


2  —  ai  „ 

r - 2-  =  0.78. 

2-a5 


(4) 


This  result  confirms  our  background  modeling 
assumptions  that  were  made  earlier[3]. 


Figure  1:  Experimental  results  for  two  regimes  of 
outgassing 


difference  in  the  slopes.  This  difference  is  be- 
lived  to  be  due  to  variations  as  well  in  effective 
mass  of  gas  mixture  as  in  normal  momentum 
accommodation  coefficient  (NMAC).  Accord¬ 
ing  to  the  expression  for  /?,  concluded  earlier 
[3] ,  the  damping  coefficient  for  gas  mixture  may 
be  expressed  as 


/?  = 


2-Qn  „  /2^^ 

ph  V  ttJcT  ’ 


(1) 


•  It  is  difficult  to  compare  the  values  presently 
obtained  from  Eq.4  with  ones  obtained  by  oth¬ 
ers  since  present  experiment  is  done  at  low  non¬ 
equilibrium  conditions  with  Maxwellian  inci¬ 
dent  gas. 

The  only  comparison  can  be  made  for  the  rela¬ 
tive  variations  of  NMAC  (Eq.4)  with  different 
parameters  of  gas  -  surface  system. 
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where  a„  is  traditional  Knudsen’s  definition 
NMAC;  p  is  density  of  the  plate  material;  h 
is  thickness  of  the  plate;  P  is  total  pressure  of 
gas  mixture;  me/ /  is  effective  molecular  mass 
of  gcLS  mixture;  k  is  the  Boltzman’s  constant; 
T  is  temperature. 

According  to  Dalton’s  law  and  additivity  of  a 
normal  force  an  effective  mass  of  a  gas  mixture 
may  be  defined  as 

"^e//  =  (^(2^.^An7)^  (2) 

i 

where  x,  is  molar  percentage  of  respective  el¬ 
ement;  m,  is  molecular  mass  of  respective  ele¬ 
ment  of  a  gas  mixture. 

•  To  determine  the  NMAC  from  this  equation 
the  absolute  gas  pressure  must  be  known  .  Un¬ 
fortunately  the  absolute  gas  pressure  can  not 
be  measured  or  determined  accurate  enough  in 
this  experiment. 

•  From  Eq.l  a  variation  range  of  the  ratio  for 
NMACs  is  expressed  as 
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A  study  of  molecular  beam  scattering  on  a  clean 
surface  [1]  as  well  as  rarefied  gas  flow  experiments 
in  a  tube  with  a  metal  sprayed  walls  [2]  show  a 
great  influence  of  the  surface  chemical  composition 
and  a  gas  nature  on  momentum  accommodation  co¬ 
efficients.  At  the  same  time  in  flow  experiments 
for  contaminated  surfaces  both  for  metal  [2,  3]  and 
glass  [4]  channels  the  difference  in  accommodation 
coefficients  is  not  essential  even  for  light  gases. 

However  a  detailed  analysis  shows  that  results  both 
for  metal  and  glass  channels  with  the  surface  with¬ 
out  special  pretreatment  are  similar  but  not  the 
same.  It  looks  like  a  long  distance  influence  of  the 
lays  under  adsorbed  coat  on  a  gas  molecule  scatter¬ 
ing  takes  place.  For  example,  tangential  momentum 
accommodation  coefficient  for  glass  and  metal  (Ti 
or  Mo)  reachs  0,93  and  0,98  for  He,  respectively. 
A  smilar  long  distance  effect  one  can  find  in  other 
experiments  devoted  to  surface  quality  influence  on 
Knudsen  flow  [5]. 

The  other  conclusion  that  can  be  made  is  the  metal 
drilled  channels  [3]  as  well  as  channels  with  metal 
sprayed  surface  [2]  are  not  so  long  as  glass  capillar¬ 
ies.  So,  as  a  result  the  gJis-surface  interaction  con¬ 
tribution  in  a  gas  flow  for  short  channels  is  smaller 
than  for  infinite  ones. 

In  this  paper  the  results  for  tangential  momen¬ 
tum  accommodation  coefficient  measurement  using 
lately  discripted  multifunctional  ultrahigh  vacuum 
system  with  surface  controlled  condition  [6]  are  ob¬ 
tained  for  different  gas-sprayed  metal  surface  sys¬ 
tems.  An  influence  of  the  surface  chemical  com¬ 
position  for  Pt,  W  and  Mo  sprayed  channels  on 
tangential  momentum  accommodation  coefficient  is 
studied.  To  estimate  a  contribution  of  gas-surface 
interaction  in  an  internal  rarefied  gas  flow  for  short 
channels  the  numerical  study  of  the  problem  has 
been  made  using  DSMC  method. 
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The  modern  review  of  the  experimental  results  re¬ 
garding  an  influence  of  surface  chemical  composi¬ 
tion  on  accommodation  coefficients  is  presented  too. 
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Abstract 

In  some  flow  problems,  typically  with  large  vari¬ 
ations  or  gradients  of  the  moments,  there  exist 
regimes  where,  when  coming  from  the  low  den¬ 
sity  side,  numerical  molecular  flight  path/collision 
calculations  (MD,  DSMC)  or  distribution-function- 
beised  calculations  (discrete  ordinate  methods,  etc.) 
may  become  inefficient  when  cell-Knudsen  numbers 
A'ric  are  small  or  cell  sizes  have  to  be  reduced; 
when  coming  from  the  high  density  side,  on  the 
other  hand,  perturbation  methods  which  reduce  in¬ 
formation  to  a  small  set  of  conservation  equations 
for  a  few  observables  (Navier-Stokes  eqs.)  are  no 
longer  applicable  as  soon  as  the  perturbation  t  in 
the  Navier-Stokesian  fffst  =  /A/(l  +  f)  is  not  small. 

We  are  interested  in  the  development  of  modules 
for  the  numerical  calculation  of  elements  of  the  ki¬ 
netic  equation  that  can  help  to  bridge  the  gap  be¬ 
tween  small  and  large  cell-Knudsen  numbers,  and 
that  should  become  complementary  or  competitive 
to  the  usual  flight  path  calculations.  For  this  aim, 
we  start  on  the  configuration-averaged  level.  Using 
modern  high  speed,  high  capacity  (small)  comput¬ 
ers,  we  develop  modules  that  can  quickly  be  com¬ 
posed  and  be  used  in  any  program;  and  we  make 
use  of  pre-calculation  whenever  it  is  possible  and 
saves  computing  time. 

Starting  with  the  Boltzmann  equation  for  the  dis¬ 
tribution  function  f(r,c,t), 

Df  =  ^  +  cVf  =  u(G/u-f),  (1) 

and  its  integrated  form  (for  a  trajectory  along  c) 


f  =  fo  exp[- 

f^df] 

>0 

(2) 

+  /  exp[- 

Jo 

1  i^dt"]Gdt', 

Jt' 

(3) 
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we  have  studied  the  limitations  and  severe  conse¬ 
quences  due  to  the  introduction  of  functions  /r,c,t 
which  are  discrete  and  finite  in  physical  (r)  and  in 
velocity  (c)  space.  By  Eq.2  one  is  reminded  of  the 
fact  that  the  zone  of  influence  is  limited  to  a  length 
of  the  order  of  a  mean  free  path.  A,  and  in  a  dis¬ 
cretized  physical  space,  for  small  A'ric-numbers,  it 
becomes  necessary  to  subscale  in  order  to  avoid  dis¬ 
tortions  of  /  and  artificial  dissipation.  Thus,  we 
try  to  introduce  interpolated  /  which,  however,  can 
only  be  determined  up  to  the  conservation  of  a  lim¬ 
ited  number  of  moments.  If  we  use  Eq.l  (D-module) 
in  our  scheme,  the  2-Scale  Module  (2S)  becomes 
active  whenever  Kric  <  0(1).  Alternatively,  a  two- 
point  integral  (2PI-module)  scheme  was  developed 
starting  from  Eq.2. 

For  the  collision  term,  different  modules  are  used: 
For  development  work  and  as  a  starter  for  a  relax¬ 
ation  towards  a  steady  state,  the  very  simple  and 
rapid  BGK-model  is  used,  i.e.  G/u  =  /m-  A  next 
step  is  to  use  in  the  calculation  of  G,  a  set  of  8 
points  (8P-module)  being  strictly  conservative  on 
an  equally  spaced  cartesian  grid  in  c-space.  In  gen¬ 
eral,  fundamental  problems  exist  in  such  a  grid  due 
to  the  fact  that  scattered  points  fall  outside  the  lat¬ 
tice  and,  as  a  consequence,  problems  of  conserva¬ 
tion  of  moments  arise.  This  would  make  such  a 
lattice  which,  on  the  other  hand,  hcts  great  advan¬ 
tages  in  the  numerical  treatment  inferior  to  the  old 
discrete  ordinate  methods  and  their  prescribed  col¬ 
lision  quadruples;  however,  as  has  been  discussed 
by  Tcheremissine  [1],  it  is  feasable  to  redistribute 
to  neighbour  lattice  points  in  such  a  manner  that 
some  of  the  lower  moments  are  conserved.  In  a 
third  step,  we  have  developed  a  module  for  the  cal¬ 
culation  of  G,  1/  where  the  lower  moments  are  con¬ 
served  (Gt'-module).  The  calculation  is  accelerated 
by  pre-calculation  of  all  sattering  data,  which  is  pos¬ 
sible  for  an  equally  spaced  lattice.  Furthermore,  for 
steady  state  problems,  we  use  a  thinning  and  re¬ 
freshing  technique  in  the  calculation  of  G,  v  for  the 
relaxation  towards  the  steady  state.  For  a  thinning 
factor  A  we  refresh  the  elements  (G,  with 
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ill  c-space,  m  =indices  in  r-space,  and 
^  =  A,  j and  where  A/  are  random  initial  points 
for  a  3-dimensional  A-spaced  rake. 

The  limitations  of  Eq.l  on  a  grid  with  Kric  1 
makes  it  attractive  to  introduce  a  2-Level  Module 
(2L):  From  the  equation  of  transfer  we  obtain  a  set 
of  equations  for  the  summational  invariants.  This 
set  of  upper-level  equations  is  interlaced  with  Eq.l. 
For  a  first  study,  we  used  the  BGK-model.  Thus, 
for  a  time  step,  we  determine  the  first  five  moments 
from  the  upper-level  set  and  introduce  them  into 
/m  at  the  lower-level,  and  we  calculate  the  remain¬ 
ing  eight  moments  at  the  lower-level  and  introduce 
then  into  the  upper-level  equations.  Consequently, 
we  make  use  of  the  ability  of  the  upper-level  set 
to  transport  information  in  the  form  of  waves,  and 
of  the  property  of  the  lower-level  set  to  create  de¬ 
formations  of  the  distribution  function  due  to  the 
drifting  of  molecules,  Some  calculations  using  a  2S- 
2L-Module  have  shown  that  it  is  possible  to  pene¬ 
trate  the  A  nf  <  1-region  to  values  at  least  an  order 
of  i7iagnitude  smaller  in  Kite  than  if  only  the  2S- 
Modiile  had  been  used.  The  interlacing  has  also 
been  extended  to  the  general  case  where  is  not 
simplified. 


Figure  2:  Temperature  and  velocity  profiles,  the 
same  as  in  Fig.l  but  using  a  2TPI-2S-2L-module, 
and  with  A'mo  =  0.002,  Kric  ~  0.05,  Pu,  =  2.0mbar. 

the  shearing  tensor  and  the  heat  flux  vector.  Some 
sample  calculations  are  given  here:  In  Fig.l  a  D- 
2S-BGK-module  is  used  for  a  case  with  wall  Mach 
number  Machu.  =  1.5  and  A’no  =  X^/d  =  0.067. 
In  Fig. 2,  for  higher  densities,  some  results  using  a 
2PI-2S-2L-module  show  good  agreement  with  the 
N-St  profiles. 
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Figure  1:  Temperature  and  velocity  profiles  T  and 
V  are  calculated  with  a  D-2S-BGK-module,  Ts's 
and  ryv5  are  the  Navier-Stokes  profiles.  Xe-gas, 
A’no  =  0.067,  A'n,.  ~  1,  Mach^  =  1.5,  T^,  —  250A', 
Pu,  =  0.06rn6ar. 

The  development  and  the  numerical  experiments 
were  performed  using  the  planar  Couette  flow  being 
of  the  most  simple  one-dimensional  problems.  The 
limits  A’no  — ^  oo  and  A’no  — v  0  are  well  known, 
and  it  is  convenient  to  study  the  effects  of  the  dif¬ 
ferent  modules  on  the  flow  properties  in  the  tran¬ 
sition  regime,  perticularly  the  subtle  interaction  of 
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1  Abstract 

We  consider  the  one-dimensional  problem  of  a  gas 
contained  between  two  infinite,  isothermal,  concen¬ 
tric  cylinders  which  rotate  at  very  close  and  steady 
angular  velocities. 

The  work  consists  of  two  parts.  The  first  one  deals 
with  tha  case  where  the  two  walls  have  the  same  an¬ 
gular  velocity  fi.  It  shows  that  the  tangential  veloc¬ 
ity  and  the  macroscopic  state  parameters  distribu¬ 
tions  along  the  radius  can  be  evaluated  either  by  the 
free  molecular  flow  approximation  or  by  the  Navier- 
Stokes  model,  no  matter  what  the  mean  Knudsen 
number  is. 

A  direct  simulation  by  means  of  a  Montecarlo 
method  was  also  carried  out  which  confirmed  the 
analytical  results.  In  all  treated  cases  the  walls  were 
assumed  diffusive  and  such  that  the  distribution 
function  of  the  re-emitted  molecules  is  Maxwellian. 

The  second  part  of  the  paper  concerns  the  situation 
where  the  angular  velocities  of  the  two  walls  are 
only  slightly  different. 

This  problem  is  solved  by  linearization  around  the 
solution  obtained  in  the  first  part  and  by  adopting 
the  BGK  model.  Again  the  results  are  compared 
with  those  provided  by  a  direct  simulation. 

The  effects  of  the  centrifugal  forces  on  the  charac¬ 
teristics  of  a  gas  between  rotating  cylinders  have 
been  investigated  by  several  authors  either  by  ana- 
litical  and  numerical  methods,  whereas  the  available 
experimental  data  are  very  scarse  for  relatively  high 
Knudsen  numbers  A'n. 

In  the  references  listed  in  the  bibliography  we  pro¬ 
vide,  without  discussion  in  this  abstract,  some  of 
the  more  significant  contributions. 

The  dimensionless  products  governing  the  problem 
are  the  ratio  of  the  gap  between  the  walls  A  Rio  the 
radius  of  the  inner  cylinder  Ri ,  the  ratio  of  specific 
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heats  7,  the  mach  number  of  the  two  peripheral 
tangential  velocities  Mai,  Ma^,  the  mean  Knudsen 
number  Kn„i- 

In  the  first  part  of  the  work  we  started  from  the 
Boltzmann  equation  in  cylindrical  coordinates 


df  df 


dz  r  dvr 


V^fiVr  df 
r  dv,f, 


for  which,  in  the  one  dimensional  case,  we  deter¬ 
mined  the  hydrodynamic  limit  corresponding  to 
the  Navier-Stokes  equation  in  the  Couette  simpli¬ 
fication.  On  the  other  hand  the  solution  of  the 
Vlasov  approximation  provided  the  free  molecular 
flow  characteristics.  As  we  said,  when  the  wall 
Mach  numbers  Mai  =  and  Ma2  =  are 
such  that  ^  then  we  have  proved  that 

the  radial  distributions  of  the  macroscopic  quanti¬ 
ties  are  the  same  by  using  either  the  Navier-Stokes 
equation  or  the  free  molecular  solution. 

Fig  l(a,b)  shows  the  velocity  and  the  local  Knudsen 
number  distributions  as  functions  of  the  radial  dis¬ 
tance,  as  obtained  via  the  different  models  and  by 
direct  simulation  in  the  case  ^  =  0.1,  7  =  1.66, 
Ma2  =  4,  Krim  =  0.1. 

The  comparisons  are  excellent. 

In  the  sequel  the  Mach  number  at  the  external  wall 
was  perturbed  so  that  t  =  was  adopted  as 

a  small  parameter  for  a  linearization  procedure  of 
the  BGK  model  of  the  Boltzmann  equation.  The 
zeroth  order  approximation  corresponds  to  the  free 
molecular  case.  The  first  order  approximation  cor¬ 
responds  to  a  set  of  linear  ordinary  differential  equa¬ 
tions  whose  unknowns  are  the  coefficients  of  a  series 
expansions  of  the  distribution  function. 

Fig.2(a,b)  shows  the  values  of  the  macroscopic 
quantities  as  a  function  of  the  radial  co-ordinate  for 
f  =  0.5  whereas  all  the  other  dimensionless  products 
are  those  of  the  case  of  Fig.  1. 

It  is  evident  the  possibility  of  distinguishing  two 
different  adjacent  domains  such  that  a  transition 
from  the  continuous  model  to  the  free  molecular 
regime  takes  place. 
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This  fact  offers  the  opportunity  of  further  research 
developments  where  different  procedures  can  be  ap¬ 
plied  for  determining  the  flow  characteristics  in  sit¬ 
uation  more  complex  than  those  which  were  treated 
here. 


Kn  a) 


distributions  as  obtained  by  direct  simulation  and 
Navier-Stokes  and  free  molecular  flow  models. 
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Perturbation  of  the  Linearized  Boltzmann  Equation  and  the 
Monte  Carlo  Collision  Method  * 
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In  this  paper  it  will  be  shown  that  when  linear  per¬ 
turbation  techniques  similar  to  the  one  applied  to 
the  field  equations  in  the  Many-Body  Theory[l]  are 
applied  to  the  Green  function  formulation  of  the  lin¬ 
earized  Boltzmann  equation,  the  Monte  Carlo  Col¬ 
lision  method  [2,  3]  can  be  retrieved.  This  way  of 
deriving  the  method  is  straightforward  and  shows 
direct  connection  to  the  transport  equation.  As 
a  result,  the  quasi  particle  nature  of  the  objects 
computer  simulated  in  the  Monte  Carlo  Collision 
method  is  better  understood,  and  also  this  method 
is  opened  to  modifications  and  optimizations  keep¬ 
ing  its  real  mathematical  content.  Our  starting 
point  is  the  linearized  Boltzmann  equation,  describ¬ 
ing  the  evolution  of  the  velocity  distribution  func¬ 
tion  including  volume  forces  and  space  non  unifor¬ 
mities,  as  well  as  a  source/sink  term  S(r,v,t): 


The  equation  above  can  be  written  in  a  shorter  form 
by  introducing  the  transition  probabilities  per  unit 
time  given  by 


J  dV  J  dV'\v  -V\(t(v,V,v' ,V')f'(r,V,t)  (3) 

and  also  by  introducting  the  convective  time  deriva¬ 
tive 


d  d  d  F{r,v,t)  d 

—  = - 1-  u - 1-  — - . .  .  — 

dt  dt  dr  m  dv 


(4) 


Our  goal  is  to  calculate  the  Green  function 
(/(r,  To,  u,i;o,t,to)  of  the  equation.  Let  us  split  the 
collision  operator  on  the  right  hand  side  in  two 
parts,  T  and  W,  whose  effect  on  an  arbitrary  func¬ 
tion  f  is  given  by 


,  d  d  F(r,v,t)  d  ...  , 


Ilf 


dv'dVdV 

[aiv',V,v,V')\v'-V\fiv')f'(V)- 
a{v,  V,  v',  V')\v  -  V\f'(V)f(v)]  +  S(r,  v,  t) 


(1) 


Here,  f(r,v,t)  is  the  particle  distribution,  normalized 
according  to: 


J  dvf(r,v,t)  =  n(r,t)  (2) 

and  n(r,t)  is  the  particle  number  density, 
<r(i;,  V,  V,  v')  is  the  cross  section  for  a  binary  parti¬ 
cle  collision  process  leading  to  the  final  velocities  v 
and  v'  for  the  collision  partners  at  the  pre-collision 
velocities  v  and  V,  f  the  velocity  distribution  of 
background  gas  particles,  F[r,v,t)  is  the  volume 
force  field,  m  the  particle  mass. 
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Tf  = -i>(r,v,t)f{r,v,t)  (5) 

with 

u(r,v,t)  =  J  dv'pv-^v'{r,t)  (6) 

and 

Wf  =  J  dv'f{r,  v',  t)p^  t)  (7) 

The  operator  T  describes  the  loss  of  probability  for 
a  given  state  due  to  transitions  to  any  other  state, 
while  the  operator  W  describes  the  gain  due  to  tran¬ 
sitions.  Now  let  us  consider  the  simplified  equation: 

=  (8) 

as  a  starting  point.  The  Green  function  of  the  equa¬ 
tion  above  can  be  calculated  simply  starting  from 
the  Dirac  function  initial  condition,  and  it  is  given 
by 


g{r,  ro,  v,  vo,  t,  to)  =  S{r  -  r{t))S(v  -  v(t)) 

H{t  -to)exp(-  f  dt'i>{r{t'),v(t’),t'))  (9) 

Jto 
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where  r(t)  and  v(t)  are  calculated  by  tracking  a 
particle  from  the  initial  point  tq,  <o  under  the  effect 
of  the  volume  force  field. 

Now  can  calculate  the  Green  function  of  the  full 
equation  (or  exact  Green  function)  G,  i.e.  the  solu¬ 
tion  of 

-  T^G(r,ro,v,vo,i,to)  = 

S{r  -  ro)<5(v  -  vo)<5(<  -  to)  + 

WG(r,ro,v,vo,t,to)  (10) 

by  a  linear  perturbation  technique,  considering  the 
W  operator  as  a  perturbation. 

Let  us  write  G  in  terms  of  the  unperturbed  Green 
function,  considering  the  whole  right-hand  side  of 
the  equation  above  as  a  source.  In  this  way  the 
Dyson-like  equation  [1] 

G(r,  ro,t;,  vo,t,to)  =  g{r,  ro,v,vo,t,to)  + 
dridvidv2  /  dtig{r,ri,v,V2,t,ti) 

Jto 

,  ti)G(ri ,  To,  vi ,  to,  ti,  to)  (11) 

is  obtained. 

By  inserting  iteratively  the  right-hand  side  of  the 
Dyson  equation  in  place  of  the  exact  Green  func¬ 
tion  G  on  the  right  hand  side  itself  one  obtains  the 
Born  expansion  [4]  for  G  Some  of  the  integrations 
need  not  actually  be  performed  because  of  the  delta 
functions  in  the  expressions  of  W  and  g,  neverthe¬ 
less  the  task  is  quite  heavy,  and  becomes  heavier  for 
higher  order  terms.  It  is  very  natural  to  apply  to 
this  task  the  classical  Monte  Carlo  method  for  mul¬ 
tidimensional  integration,  based  on  an  estimation  of 
the  mean  value  of  the  integral  over  an  (iper)volume 
R  in  the  independend  variable  space.  The  Monte 
Carlo  estimate  of  the  integral  is  obtained  as  usual 
by  selecting  random  values  for  the  integration  vari¬ 
ables  in  the  proper  range,  and  applying  the  theorem 
of  the  mean  vahie  to  the  integral.  The  result  is  an 
ensemble  of  Monte  Carlo  Collision  trajectories. 

To  summarize;  particles  involved  in  the  Monte 
Carlo  Collision  method  represent  the  Green  func¬ 
tion  of  the  linearized  Boltzmann  equation,  and  any 
of  them  can  be  assigned  to  a  given  term  of  the  Born 
series  resulting  in  turn  by  considering  the  W  part 
of  the  collision  operator  as  a  perturbation. 

The  application  of  the  perturbation  method  can  be 
visualized  as  usual  by  the  diagram  technique  [1], 
any  diagram  corresponding  to  a  multidimensional 
integral. 

This  derivation  of  the  Monte  Carlo  Collision 
Method  directly  from  the  Boltzmann  Equation  sug¬ 
gests  many  possible  modifications  of  the  model  that 
can  be  useful  in  specific  ctises. 
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1  Introduction 

The  Knudsen  layer  is  considered  as  a  transitional 
layer  separating  domains  of  comparatively  simple 
asymptotics.  In  [1]  we  suggested  the  method  for 
combining  such  asymptotics  via  two-point  Pade- 
approximants.  Here  this  method  is  tested  in  case 
when  the  distribution  function  f{y,u)  is  repre¬ 
sented  by  the  main  moments. 


UMy)  = 


{l  +  ym)y/ym 
1  +  2/ 


Uyo{y)  =  0,  ho{y)  =  s^no(y), 

where  s  —  ^/|Af ,  M  is  the  Mach  number,  T,  is  the 
surface  temperature.  The  dimensionless  variables 
are  chosen  so  that  n  =  1, 1/j,  =  1, /i  =  as  y 
4-00. 


2  Kinetic  Equation 

The  exact  solution  is  first  found  in  the  next  state¬ 
ment 

n{y)  =  j  fiy^ 

t'x(y)  =  ^  j  u^fiy,u)du, 

Vy{y)  =  j  Uyf(y,u)du, 

h{y)  =  ^”(2/)  |y [«-  t'(2/)]V(2/, «)«/“!  ; 

/a/(0,u)  exp(-j|^)-t- 

-JL 

/o'**' /a/(2/ -  Wy  >  0, 

/(*/.«)=< 

fM{ym,d)  exp(!i^)4- 

Vm  -  V 

Jo'""  fM(y-tUy,u)€~^di,  Uy<0, 

fM{y,d)  =  n(y)  ^ 

L  ^ 

u  =  {Ux,Uy,Q),  ym  »  1- 

The  iteration  method  is  used  starting  from 

„  A..^  _  +  (1  +  ym  -  T-^)y/y,n 

«o(y  = - — - , 

1  +  y 
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3  Numerical  Method 

Instead  of  the  distribution  function  f(y,u),  we  in¬ 
troduce  the  function  ip(y,u)  =  f(y,u)/fM(y,u), 
where  the  Maxwellian  distribution  function  is  used 
as  a  weight  function  in  l:-th  iteration  for  evalua¬ 
tion  of  integrals  with  respect  to  u  using  the  Gauss- 
Hermite  quadrature  formulas  with  10  points  along 
Uy  and  6  ones  along  and  Ug .  The  main  moments 
are  calculated  in  terms  of  ip{y,  u)  on  a  mesh  with 
width  hy  ~  0.05  or  0.02  at  0  <  y  <  ym(ym  = 
20,30,40).  After  the  substitution  t]  =  y  —  tuy 
the  integrals  with  respect  to  j]  are  computated  by 
the  trapezoid  rule  with  integrating  width  h,,  =  hy 
which  enables  us  to  avoid  interpolation  in  the  ta¬ 
bles  of  moments  .  To  improve  the  convergence  of 
the  iteration  method  a  linear  correction  of  bound¬ 
ary  conditions  is  made.  Fig.l  shows  the  speed  of 
convergence  of  value  n(0)  at  s  =  2  for  T,  =2,3  and 

4  (  is  the  iteration  number  ). 

4  Pade-approximation 

If  only  the  limit  terms  of  asymptotics  are  taken  into 
account,  then  the  Pade-approximants  may  be  cho¬ 
sen  in  the  form 

_  n,+y  _  y  _  s^(l  +  7),y) 

14-y  ’  1  +  y’  r,(l  +  y) 

with  only  free  parameter  n,.  In  this  test  we  have 
obtained  exact  solution  ne(y)  so  that  n,  is  easily 
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found  by  the  method  of  least  squares.  By  minimiz¬ 
ing  the  functional 


we  obtain 


_  l  +  Vm  /  f.  _  _y_\  dy 

Vm  Jo  \  i  +  yj  1  +  y' 


The  compairison  of  exact  solutions 
ne(y),f/ie(y),he(y)  (grey  symbols)  and  Pad4- 
approximants  na(i/),t/*a(y)i^o(y)  (black  symbols) 
at  s  =  2  for  T,  =  2,3  and  4  is  given  in  Figs  2-4, 
respectively.  It  is  clear  that  the  next  terms  of 
asymptotics  are  needed  for  better  exactness.  In  the 
paper  we  consider  some  other  approximants  and 
values  of  parameters  as  well. 


Figure  2:  ne(y)  and  no(y) 
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The  aim  of  the  present  paper  is  to  determine  the 
possible  connection  between  the  instabilities  in  nu¬ 
merical  solutions  at  small  Knudsen  numbers  and  the 
appropriate  theoretical  notions  concerning  descrip¬ 
tion  of  turbulence  in  a  gas  on  the  basis  of  the  kinetic 
equation.  The  supersonic  underexpanded  free  jets, 
where  the  instabilities  originated  in  a  mixing  layer 
(see  [1,2]),  is  the  intriguing  subject  for  numerical 
study  owing  to  the  absence  of  solid  boundaries,  the 
strong  changes  of  parameters  on  a  scale  of  the  ini¬ 
tial  stage  of  a  jet,  not  very  high  Mach  numbers  and 
so  on.  The  first  solutions  for  a  free  jets  contained 
some  chaotic  features  have  been  noted  in  [3],  in  [4] 
nonstationary  solutions  with  large  scale  oscillations 
having  the  steady  properties  in  the  character  of  fluc¬ 
tuations  have  been  observed. 

The  approach  on  the  basis  of  the  Boltzmann  equa¬ 
tion  differs  from  some  kinetic  approaches,  (see,  e.g. 
[5,6])  where  the  molecular  chaos  hypothesis  is  dis¬ 
carded  and  turbulence  is  related  to  correlations  on 
the  molecular  description  level  (the  two-particle  dis¬ 
tribution  function  is  considered).  From  our  point 
of  view  the  Boltzmann  equation  (of  course,  includ¬ 
ing  the  molecular  chaos  concept)  is  the  adequate 
apparatus  for  this  problem.  The  correlations  in  a 
turbulent  flow  would  be  described  by  means  of  the 
nonequilibrium  distribution  functions. 

The  kinetic  description  by  the  distribution  func¬ 
tion  has  the  peculiarities  in  comparison  with  the 
macroscopic  description.  The  dissipative  values 
(the  stress  tensor  components,  the  heat  flux)  are 
computed  as  the  integrals  over  velocity  space  not 
as  the  derivatives  as  in  the  macroscopical  descripx- 
tion.  So  the  computations  in  the  velocity  space 
could  be  more  important  task  and  the  unstable  so¬ 
lutions  and  expected  nonequlibrium  distributions  at 
these  regimes  could  determine  the  growth  of  dissi¬ 
pation  in  turbulent  flows.  The  calculations  in  the 
physical  space  eis  supposed  could  be  made  with  not 
such  high  accuracy  as  in  the  analogous  problems  for 
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the  Navier-Stokes  equations. 

We  search  for  the  bifurcations  in  the  solutions  of 
the  Boltzmann  equation  when  the  outer  parameter 
(Knudsen  number)  tends  to  the  zero.  The  critical 
numerical  Knudsen  number  is  determined  and  influ¬ 
ence  of  parameters  of  the  numerical  scheme  on  the 
transition  is  studied  as  well.  In  fact  the  real  dis¬ 
turbances  in  a  flow  are  simulated  by  the  numerical 
disturbances  of  the  scheme. 

The  conservative  splitting  method  (CSM)  is  used 
with  the  implicit  schemes  in  the  right-hand  side  of 
the  Boltzmann  equation  (see  [3,4]).  Monte  Carlo 
procedure  to  evaluate  the  collision  integrals  is  ap¬ 
plied.  The  computations  on  a  large  time  scale  are 
made  to  analyse  spectral  characteristic  of  oscilla¬ 
tions  and  to  separate  the  ’’background”  numerical 
fluctuations. 

In  the  pictures  of  dependence  of  the  amplitude  of 
oscillations  on  the  frequency  (for  example  for  the 
heat  flux)  the  features  of  chaotic  flow  can  be  noted. 
Namely,  the  spectrum  is  the  continuum  one  and  the 
amplitude  is  sugnificantly  more  than  the  amplitude 
of  pulsations  at  large  Knudsen  numbers.  It  can  be 
treated  as  the  manifestation  of  the  growth  of  a  dis¬ 
sipation  in  unstable  regims. 

The  numerical  results  in  [4]  have  been  obtained  on 
the  crude  meshes  and  some  more  accurate  computa¬ 
tions  are  made  now.  The  steps  in  the  physical  space 
was  smaller  than  in  [4].  Especcially  it  is  important 
in  the  radial  direction  of  a  jet.  The  numerical  solu¬ 
tions  demonstrated  the  similar  character  pulsations. 
The  distributions  of  macroparameters  in  the 
transversal  direction  of  a  jet  are  considered  to  com¬ 
pare  results  with  the  axial  intability  and  so-called 
petal  structure  from  [7].  The  non-axisymmetric 
character  of  the  boundary  of  a  jet  is  observed  in  the 
computations.  The  roughness  of  the  orifice,  which 
is  one  of  a  source  of  instabilities  in  a  jet,  is  mod¬ 
elled  by  the  rectangular  cells  approximating  the  cir¬ 
cle  orifice. 

The  growth  of  the  oscillation  amplitudes  of  mo¬ 
ments  dependent  upon  the  increase  of  the  charac¬ 
teristic  Reynolds  number  is  noted.  This  growth  is 
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in  the  same  range  as  for  the  experiment  in  [2]  (the 
characteristic  Reynolds  number  is  between  10^  and 
10^  when  the  transition  to  unstable  flows  in  the 
mixing  layer  is  observed).  The  magnitude  of  den¬ 
sity  pulsations  increases  in  the  mentioned  range  of 
the  Reynolds  numbers  and  then  tends  to  the  limit¬ 
ing  value  of  the  amplitude. 
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1  Introduction 


We  use  the  following  weak  formulation 


Monte  Carlo  simulations  are  used  for  solving  var¬ 
ious  equations  of  statistical  physics.  Particles  are 
sampled  from  some  known  initial  distribution  and 
then  move  and  interact  according  to  the  dynamics 
described  in  the  equation.  Pseudo-random  num¬ 
bers  are  used  to  decide  which  particles  collide  and 
the  results  of  the  collision.  Examples  of  this  are  the 
Direct  Simulation  Monte  Carlo  (DSMC)  schemes  of 
Bird  [1]  and  Nanbu  [2]  for  the  Boltzmann  equation. 
Quasi-random  sequences  are  a  deterministic  alter¬ 
native  to  pseudo-random  sequences  for  use  in  Monte 
Carlo  methods.  Quasi-Monte  Carlo  methods  are 
particularly  powerful  in  the  area  of  multidimen¬ 
sional  integration  [3],  but  the  scope  of  these  meth¬ 
ods  was  widened  in  recent  years  [4].  In  this  paper 
we  propose  a  quasi-Monte  Carlo  (QMC)  simulation 
of  the  spatially  homogeneous  Boltzmann  equation. 
We  derive  the  method  as  the  natural  extension  of 
quasi-Monte  Carlo  simulations  of  the  Kac  model  [5] 
and  of  the  linear  Boltzmann  equation  [6]. 


2  Quasi-Monte  Carlo  scheme 


We  consider  the  Boltzmann  equation  with  isotropic 
scattering 


dt 


(/(v',0/(w',0 

'R^xS^ 

-/(v,0/(w,<))7(|v  -  w|)dwdii,  (1) 
/(v,0)  =  /o(v).  (2) 


where  v  £  R®,  t  >  0, 

v'  =  ^  (v  -I-  w  -f  |v  -  w|n) , 
w'  =  i  (v  -f  w  —  |v  -  w|n) , 

0  <  7(j:)  <  7*  <  -f-oo  and  /  /o(v)dv  =  1. 

Jr^ 
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V’(v)/(v,t)dv  = 

i/  (v’(v')  -  ¥’(v))7(|v  -  w|) 
jR‘xS^ 

■f('v,t)f{w,t)dvdvfdn,  (3) 

for  any  regular  function  ip  on  R®.  Let  c  >  2  and 
m  >  0  be  integers.  We  put  N  =  2c”*.  Let  d\,d2,  da 
be  integers  with  dy  +  da  +  da  =  m.  For  integers 
0  <  oi  <  c'^’,0  <  02  <  c'^LO  <  03  <  20*^’,  let 
a  =  (01,02,03).  We  choose  a  set  with  N 
points  in  R®  sampled  from  the  initial  distribu¬ 
tion  /o(v).  Let  At  be  a  time  step,  with  Atj*  <  1. 
We  introduce  discrete  times  =  nAt  and  we  put 
/„(v)  =  /(v,<„).  We  need  a  quasi-random  se¬ 
quence  yo.yi,...  in  =  [0,1)®.  Point  sets 
of  N  points  in  R®  are  computed  by  a  step-by- 
step  procedure. 

•  The  points  of  are  reordered  so  that 

1.  oi  <  ti  =►  v*"/  < 

2.  oi  =  61,  02  <  62 

3.  oi  =  61,  02  =  62,  aa<ba=>  <  t;["3  • 

This  technique  improves  the  efficiency  of  the 
quasi-Monte  Carlo  approximation  (see  [5,  6]). 

•  Let  [xj  denote  the  greatest  integer  <  x.  For 
0  <  j  <  N,  let 

a(")(j)  = 

([•-'^'l/nV+j.lJi  [c^^I/nN+j,2j)  L2c*^’l/nJV+j,3j)  i 

6(")(i)  = 

([c‘^*ynJV-hj,4j>  [c*^’l/nlV-|-j,5j  1  [2c‘*^J/nlV-|-j,6j)  i 
»0')  =  (L2yniv+i,8  -  l,2jri/„7v-i-i,9), 
in  spherical  polar  coordinates. 


Then 


V 


(n+l) 


v'  ' 
o(")(j)> 
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,(n) 


if  ynN+j,7  > 

Hj) 


o(”)(j)  2  V 


(«) 

6(")(j) 


o(">(j)  '^6(")(i) 


Hi)) . 


otherwise. 


Momentum,  kinetic  energ>’  are  conserved  and  small 
errors  in  quasi-Monte  Carlo  approximations  are 
guaranteed  if  Y  is  constructed  by  duplicating  a 
(0, 9)-sequence  in  base  c  (see  [3,  5]). 


Error 


Time 


3  Numerical  experiments 


Figure  1:  Simulations  with  N  =  2,662 


We  solve  the  model  problem  of  Krook  and  Wu  [7], 
for  which  an  exact  solution  is  known.  The  problem 
is  implemented  using  three  particle  simulations:  the 
DSMC  methods  of  Bird  and  Nanbu  and  the  QMC 
scheme.  We  choose  c  =  11  and  a  time  step  At  = 
0.01.  The  error  is  defined  by 


r>0 


#{a:|vi"’|<r} 


-  /  /(v,t„ 

J|0.r)xS2 


)dv 


In  Figures  1,2  and  3  we  plot  the  errors  of  the 
schemes  versus  the  time.  Dashed  lines  correspond 
to  the  DSMC  method  of  Bird  and  thin  lines  corre¬ 
spond  to  the  DSMC  method  of  Nanbu.  Thick  lines 
correspond  to  the  QMC  scheme.  In  general,  the  re¬ 
sults  show  that  quasi-random  simulation  is  superior 
to  standard  pseudo-random  simulations,  although 
not  to  as  large  an  extent  as  in  1-D  case  [5]  or  in  3-D 
linear  case  [G]. 
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Linearized  transport  phenomena  of  a  rarefied  gas 
confined  between  two  rotating  cylinders  were  ana¬ 
lyzed  recently  by  Sharipov  and  Kremer  [1,  2]  and 
by  Cumin,  Sharipov  and  Kremer  [3].  In  these  works 
heat  [1],  momentum  [2]  and  mass  transfer  [3]  were 
considered  separately.  Here  we  shall  treat  all  these 
three  phenomena  jointly. 

We  consider  a  rarefied  gas  confined  between  two 
coaxial  cylinders  with  radii  Rq  and  Ri  (Rq  >  Ri), 
the  axes  of  the  cylinders  coinciding  with  the  2-axis. 
The  cylinders  are  assumed  to  be  so  long  that  the 
end  effects  can  be  neglected,  i.e.  the  solution  does 
not  depend  on  the  2-coordinate.  It  is  assumed  also 
that  both  cylinders  may  rotate  around  the  2-axis. 

The  cylinders  adsorb  all  incident  particles  and  evap¬ 
orate  the  particles  according  to  a  Maxwellian. 

If  both  cylinders  rotate  with  the  same  angular  ve¬ 
locity  Qo,  if  they  have  the  same  temperature  To 
and  if  each  of  them  evaporates  the  same  number  of 
molecules  that  condensates,  then  the  velocity  dis¬ 
tribution  function  is  a  Maxwellian. 

The  number  density  has  the  following  distribution 
between  the  cylinders 

no(»’')  =  Cexp[/?(nor')2], 


Pi  =  Po(Ri)  +  AP, 


|AP| 

Po(Ri) 


<  1, 


while  the  outer  cylinder  evaporates  the  par¬ 
ticles  with  the  equilibrium  pressure  Po(Po)- 
Here 


P(r')  =  no(r')kTo. 

•  The  angular  velocity  of  the  inner  cylinder 
slightly  differs  from  fio,  i  e. 


fii  =  Qo  "b  An, 


|An| 

Oo 


«  1 


while  the  outer  cylinders  has  the  angular  ve¬ 
locity  fio; 


•  The  temperature  of  the  inner  cylinder  Ti 
slightly  differs  from  the  equilibrium  tempera¬ 
ture  To,  i.e. 


0  = 


m 

2m 


Ti  =  To  -1-  AT, 


where  C  is  a  constant,  m  is  the  mass  of  a  gas 
molecule  and  k  is  the  Boltzmann  constant. 

We  consider  the  situation  when  the  equilibrium 
state  is  weakly  disturbed  by  three  factors: 

•  The  pressure  of  evaporated  particles  from  the 
inner  cylinder  Pi  slightly  differs  from  the  equi¬ 
librium  pressure  at  its  surface,  i.e. 
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|AT| 

To 


<  1 


while  the  outer  cylinder  has  the  temperature 
To. 


The  aim  of  this  paper  is  to  calculate  the  fields  of 
the  density,  temperature,  bulk  velocity,  heat  flux 
vector  and  stress  tensor  between  the  cylinders  as  a 
function  of  the  parameters:  Knudsen  number  and 
angular  velocity  of  the  cylinders. 
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We  apply  the  S-model  of  the  Boltzmann  equa¬ 
tion  [4]  as  the  basic  equation  for  the  distribution 
function  /(r',v),  which  for  a  stationary  gas  flow 
reads 


V. 


dr 


8/?^  , 


.V 


-/{>•',  v)}, 

where  v  is  the  molecular  velocity,  p  is  the  shear 
viscosity,  n  is  the  number  density,  is  the  local 
Maxwellian,  q'  is  the  heat  flux  vector.  V  =  v  -  u' 
with  u'  denoting  the  bulk  velocity. 

The  kinetic  equation  has  been  solved  by  the  dis¬ 
crete  velocity  method  and  the  discontinuity  of  the 
distribution  function  [5]  is  also  taken  into  account. 


The  calculations  have  been  carried  out  for  the  ra¬ 
dius  ratio  /?i/f?n=0.5  in  the  range  of  inverse  Knud- 
sen  nurtiber  from  0.01  to  40.  Five  values  of  the  di- 
mensionle.ss  angular  velocity  have  been  considered: 
0,  O.'J.'l,  0.5,  0.75,  and  1. 

To  estimate  the  numerical  accuracy  test  calcula¬ 
tions  have  been  carried  out  for  inverse  Knudsen 
number  S  =  0.1;  1;  10;  and  40  with  doubling  of 
every  grid  parameter.  An  analysis  of  the  test  cal¬ 
culations  showed  that  the  distribution  function  mo¬ 
ments  change  within  0.5%.  This  value  can  be  con¬ 
sidered  as  the  calculation  precision 

To  gain  more  precision  criteria  the  fulfillment  of 
the  mass,  momentum  and  energy  conservation  laws 
were  verified  as  well  as  the  Onsager-Casimir  reci¬ 
procity  relations  [6]. 

In  the  main  text  the  fields  of  density,  velocity,  tem¬ 
perature,  heat  flux  vector  and  stress  tensor  are  pre¬ 
sented  for  a  wide  range  of  the  Knudsen  number. 
An  analysis  of  the  influence  of  the  rotation  of  the 
cylinders  on  the  fields  is  also  given. 
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The  rarefied  gas  flow  between  two  parallel  infinite 
plates  caused  by  a  longitudinal  pressure  gradient 
is  a  classical  problem  of  the  rarefied  gas  dynamics, 
see  e.g.  the  papers  [1,  2].  Because  of  simplicity  of 
such  type  of  the  flow  this  problem  was  solved  by 
many  methods  applying  many  kinetic  model  equa¬ 
tions  and  the  Boltzmann  equation  itself.  Today  this 
solution  can  serve  as  a  test  for  new  numerical  meth¬ 
ods  and  new  kinetic  models.  Moreover,  since  the 
rarefied  gas  flow  through  a  channel  is  sensitive  to 
the  gas-surface  interaction  law,  it  can  serve  as  an 
indirect  measurement  of  the  accommodation  coeffi¬ 
cients. 

But  the  solution  of  this  problem  has  a  peculiar¬ 
ity:  the  mass  flow  rate  through  a  cross  section  of 
the  channel  tends  to  infinity  in  the  free-molecular 
regime  flow.  This  unphysical  behavior  of  the  flow 
rate  is  explained  by  the  fact  that  we  deal  with  the 
degenerated  geometry;  the  channel  has  the  infinite 
length  and  the  infinite  width. 

In  practice  this  degenerated  geometry  does  not  ex¬ 
ist:  a  real  channel  has  a  finite  length  and  a  finite 
width  and,  hence  the  real  flow  rate  has  always  a  fi¬ 
nite  value  in  the  free-molecular  regime  flow  [3].  To 
perform  a  correct  comparison  of  theoretical  results 
with  experimental  data  one  must  know  the  condi¬ 
tions  when  the  end  effects  (i.e.  the  finiteness  of 
the  channel  length)  and  the  influence  of  the  lateral 
wall  of  the  channel  can  be  neglected.  To  obtain 
these  conditions  we  have  to  calculate  the  flow  rate 
through  a  channel  having  the  finite  length  and/or 
the  finite  width. 


width,  i.e.  the  channel  cross  section  has  a  rectan¬ 
gular  form.  Some  results  on  the  gas  flow  through 
a  rectangular  channel  are  available  in  the  paper  by 
Loyalka  et  al.  [6].  But  since  a  range  of  the  chan¬ 
nel  width  was  small,  it  was  not  given  the  condition 
when  the  effect  of  the  lateral  walls  can  be  neglected. 
To  indicate  this  condition  here  we  consider  a  large 
range  of  the  channel  width. 


Consider  a  channel  created  by  two  parallel  plates 
fixed  at  j/  =  ±a/2  and  two  more  parallel  plates 
placed  at  z'  =  ±h/2.  In  the  i-direction  the  chan¬ 
nel  is  so  long  that  the  end  effects  can  be  neglected. 
The  channel  is  occupied  by  a  single  monatomic  gas, 
which  has  a  small  longitudinal  gradient  of  the  pres¬ 
sure 


V 


a  dP 
Pd?’ 


kl  «  1. 


while  the  temperature  of  the  gas  is  constant  and 
equal  to  T.  We  are  going  to  calculate  the  flow  rate 
as  a  function  of  the  rarefaction  parameter 


S  = 


y/n  a 

~X’ 


and  of  the  height-to- width  ratio  a/6  of  the  channel. 
Here,  A  is  the  mean  free  path. 

We  apply  the  BGK  model  as  an  input  equation.  To 
linearize  it  the  distribution  function  is  represented 
as 


/(r',v)  =  / 


M 


1  + 


The  gas  flow  through  a  channel  with  the  finite 
length  was  considered  in  the  works  [4,  5]  where  a 
finite  value  of  the  flow  rate  in  the  free-molecular 
regime  was  obtained.  It  was  given  a  condition  when 
the  end  effects  can  be  neglected. 

The  aim  of  the  present  work  is  to  calculate  the 
flow  rate  through  a  long  channel  having  a  restricted 
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where  r'  is  the  position  vector,  v  is  the  molecular 
velocity,  is  the  Maxwellian 


Then  the  linearized  BGK  equation  for  the  pertur¬ 
bation  function  h  in  the  dimensionless  form  reads 

dh  dh  .  ,  . 

Cy^  +  C2-^  =  S{2Cj.U-h)-Cr,  (1) 
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G 

8 

a/6=l. 

0.1 

0.01 

0 

work  [1] 

0.01 

0.8069 

1.873 

2.713 

3.0489 

0.1 

0.7846 

1.654 

1.975 

2.0314 

1.0 

0.7594 

1.413 

1.513 

1.5389 

5.0 

0.9668 

1.836 

1.922 

1.9883 

Table  1:  Flow  rate  G  vs  8  and  a/6 


a/6 

1. 

0.1 

0.01 

0 

G/8 

0.0703 

0.1562 

0.1656 

0.1667 

Table  2;  Flow  rate  G  vs  a/6  zX  8  oo 


where 


and  li  is  the  dimensionless  bulk  velocity 

«(y-2)  =  ^  J  exp(-c^)/i(y,r,c)c^</c. 

The  reduced  flow  rate  is  defined  as 

6/2a 

/  u(y,z)dydz. 

■6/2a  J-\/2 

The  kinetic  equation  (1)  was  solved  by  the  discrete 
velocity  method.  Some  preliminary  results  on  the 
flow  rate  C  are  presented  in  Table  1.  In  the  fifth 
column  the  results  by  Cercignani  and  Pagani  [1]  for 
the  infinite  plates  are  given. 

It  would  be  seemed  that  the  ratio  a/6  could  serve 
as  a  criterion  of  the  influence  of  the  lateral  walls  on 
the  flow  rate.  However,  from  Table  1  one  can  sec 
that  near  the  free  molecular  regime  flow  (d  =  0.01) 
the  lateral  wall  influence  reaches  10%  at  a/6=0.01  . 

In  the  hydrodynamic  regime  flow  (d  oo)  the 
Stokes  equation  was  solved  numerically.  The  results 
of  the  calculations  are  given  in  Table  2.  One  can  see 
that  in  this  regime  flow  the  influence  of  the  lateral 
wall  on  the  flow  rate  is  the  least  in  comparison  with 
the  transition  and  near  free-molecular  regimes. 

In  the  report  the  velocity  profile  and  the  flow  rate 
will  be  presented  for  the  wide  ranges  of  the  rarefac¬ 
tion  parameter  8  and  of  the  height-to-width  ratio 
a/6.  The  criterion  of  the  influence  of  the  lateral 
wall  on  the  flow  rate  will  be  given  for  the  whole 
rage  of  8. 
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Two  innovations  concerning  the  improvement  of  our 
position  element  version!^]  in  the  calculation  of  the 
three-dimensional  transitional  flow  by  the  DSMC 
method  (cf.  [2], [3])  are  elucidated  in  this  paper. 
The  marking  of  the  surface  elements  for  each  case  of 
presentation  of  the  body  configurations  is  a  heavy 
burden  in  the  position  element  algorithm  of  the 
DSMC  method.  This  difficulty  is  resolved  in  the 
present  work  by  compiling  a  dedicated  program 
capable  of  handling  various  cases  of  presentation 
of  the  configuration.  Any  initial  presentation  of 
the  configuration  is  rearranged  in  such  a  way  that 
the  modified  presentation  is  composed  of  strips  dis¬ 
tributed  alongside  the  flow  direction,  each  strip  be¬ 
ing  composed  of  small  plane  triangles,  represented 
by  their  three  apices.  Then  the  intersection  of  the 
arrise  of  the  element-cube  with  the  body  surface  is 
determined  easily  in  general  case  as  the  intersec¬ 
tion  of  a  straight  line  with  such  triangle.  After  the 
surface  elements  being  marked  the  related  neces¬ 
sary  geometric  parameters  of  the  surface  elements 
(areas,  ’external  volumes’  and  direction  cosines  of 
the  normals)  are  calculated  in  the  similar  way  as  in 

[1].  Example  calculations  have  shown  the  quickness 
and  effectiveness  of  this  program  of  marking  the 
surface  elements  in  various  configuration  presenta¬ 
tions  (sphere,  Hermes  type  of  space  vehicle,  projec¬ 
tile  body  of  revolution  and  etching  cavity  etc.). 

The  probability  criterion  of  molecule  reflection  on 
the  surface  used  in  [1]  is  replaced  by  a  determin¬ 
istic  criterion  in  this  paper.  This  is  a  natural  ap¬ 
proach,  as  in  our  position  element  version  the  loca¬ 
tions  of  molecules  are  recorded  as  real  numbers,  i.e., 
are  given  exactly.  When  a  molecule  has  intersected 
with  a  certain  surface  of  a  position  element  cube, 
the  point  of  intersection  (x,,yi,  z,),  the  velocity  of 
it(u,v,w)  and  the  remainder  time  Air  in  the  current 


time  step  are  recorded.  From  (a:,,j/,,r,),(u,v,w) 
and  the  geometric  parameters  of  the  body  surface 
plane  it  is  easy  to  calculate  the  times  Af®,  Aty,  At^ 
and  Ata,  for  the  molecule  to  reach  the  element  sur¬ 
faces  in  the  x,y,z  directions  and  the  body  surface 
plane  resspectively.  Denoting  the  smallest  of  At^, 
Aty  and  At 2  as  At,,  the  criterion  of  reflection  of 
the  molecule  is:  when  and  only  when 

Afu,  <  Af  ,  A<„,  <  Atr 

the  molecule  reflects  from  this  surface  element.  This 
criterion  is  tested  again  in  the  simulation  of  heat 
flux  and  pressure  distribution  on  a  sphere  in  the 
case  of  free  molecule  flow.  Exellent  agreement  of 
the  simulation  result  and  exact  solution  is  obtained. 
This  criterion  is  used  in  the  example  calculations. 
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1  Introduction 

TThe  Sf  discretization  scheme,  was  originally  de¬ 
veloped  in  the  field  of  numerical  simulation  of  mag¬ 
netoplasma  dynamics  [1],  [2],  [3],  for  reducing  the 
simulation  noise  in  the  study  of  non  linear  phenom¬ 
ena  of  magnetoplasmas,  such  as  transport  caused 
by  plasma  microinstabilities.  The  aim  of  this  work 
is  to  apply  the  Sf  discretization  scheme  to  the  res¬ 
olution  of  the  Boltzmann  equation.  The  problem 
can  be,  in  principle,  of  interest  for  a  wide  variety 
of  systems,  varying  from  dense  plasmas  to  non  neu¬ 
tral  electron  plasmas  and  partially  ionized  gases  in 
which  atomic  processes  are  relevant. 

The  Sf  discretization  scheme  is  a  low  noise  algo¬ 
rithm,  which  permits  to  describe  the  non  linear  dy¬ 
namics  of  a  mechanical  system,  composed  by  a  very 
high  number  of  particles  interacting  each  other,  by 
evolving  only  the  perturbation  Sf  of  the  distribu¬ 
tion  function  /  =  /o  +  Sf.  The  distribution  func¬ 
tion  /,  satisfying  a  suitable  kinetic  equation  (for  ex¬ 
ample  the  Vlasov  equation  or  the  Boltzmann  equa¬ 
tion),  is  supposed  to  be  suitably  close  to  the  ana¬ 
lytically  known  equilibrium  function  /o.  so  the  error 
on  the  calculation  of  the  moments  of  /,  due  to  the 
use  of  a  limited  number  of  test  particles  in  the  sim¬ 
ulation,  is  highly  reduced,  because  only  Sf  (and  not 
/o)  produces  noise. 

Collisions  can  be  consistently  included  in  the  sim¬ 
ulation  scheme,  only  provided  the  adopted  colli¬ 
sion  operators  satisfy  the  basic  collision  conserva¬ 
tion  laws  (particle  density,  linear  momentum  and 
total  energy).  In  this  work  are  described  the  treat¬ 
ments  used  for  resolving  first  the  Landau-Fokker- 
Planck  (LFP)  equation  and  then  the  Boltzmann 
equation. 
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2  The  6 f  discretization  scheme 

A  short  explanation  of  the  (5/ discretization  scheme, 
which  we  adopt  [4],  is  below  given,  together  with  the 
main  differences  respect  to  discretization  schemes 
used  in  conventional  particle  simulations.  We  as¬ 
sume  that  the  distribution  function  /,  describing 
one  of  the  particle  species  of  the  system  obeys 
the  Vlasov  equation  ^/  =  0,  which  is  valid  for 
Hamiltonian  particle  dynamics,  not  necessarily  ex¬ 
pressed  by  Hamiltonian  variables.  Then  we  assume 
/  =  fo+Sf,  where  fo  is  an  analytically  known  distri¬ 
bution  function  and  Sf  is  its  perturbation.  During 
its  evolution,  /  is  supposed  to  stay  suitably  close  to 
fo,  which  can  be  considered  an  equilibrium  distribu¬ 
tion  function.  In  a  conventional  particle  simulation 
scheme,  the  Nj  test  particles  and  its  phase  space 
variables  x,  (<)  are  used  to  discretize  completely  /, 

/^^>(x,f)  =  c  ^  S(x-Xi(t))kif(x,t),  where  ki  and 
i=l 

c  are  suitable  quantities,  and  this  expression  is  used 
to  calculate  approximately  suitable  velocity  space 
integrals  of  /,  necessary  for  subsequent  calculation 
in  the  simulation  cycle.  Instead,  in  a  J/  scheme 
these  integrals  are  divided  in  integrals  of  fo,  not 
possessing  noise,  because  are  calculated  using  the 
analytically  known  expression  of  fo,  an  din  inte¬ 
grals  of  Sf,  that  are  the  only  contribution  to  the 
noise,  due  to  the  limited  number  of  test  particles. 
So,  in  a  <5/  scheme,  using  the  same  number  of  trst 
particles,  the  noise  is  enormously  reduced  respect 
to  conventional  particle  simulation  schemes. 

3  IVeatment  of  the  Landau- 
Fokker-Planck  equation 

The  Sf  scheme  above  described  for  the  Vlasov  equa¬ 
tion  can  be  suitably  extended  for  treating  the  LFP 
equation  [4],  in  order  to  consider  the  Coulombic  col¬ 
lision  in  a  magnetoplasma.  For  this  purpose  Monte 
Carlo  operators  are  used,  which  approximate  the 
linearized  LFP  collision  operator  and  which  sat- 
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isfy  its  fundamental  conservation  laws  [5].  The 
LFP  equation  is  replaced  by  a  stochastical  Liou- 
ville  equation  CSf,  =  —Sifo,$,  which  contains  on 
the  right  term  a  stochastical  force,  which  describes 
the  effect  of  the  diffusion  on  the  velocity  space.  For 
the  considered  gyrokinetic  variables,  a  set  of  finite 
difference  stochastical  equations  are  constructed, 
which  are  deterministic  between  the  considered  col¬ 
lision  instants,  but  not  at  the  collision  instants, 
when  the  stochastical  effects  of  collisional  diffusion 
are  included.  At  these  instants  we  must  impose 
=  (<J/»)+  and  (/o,,)_  =  (/o,.)+  as  continu¬ 
ity  conditions. 

4  Treatment  of  the  Boltzmann 
equation 

The  previously  described  Sf  discretization  scheme 
is  applied  to  treat  particle  systems  described  by 
Boltzmann  type  collision  operators.  This  involves 
both  charged  and  neutral  species.  In  the  case  of 
neutrals  we  adopt  a  point  of  view  analogous  of  [6], 
[7],  namely  we  shall  deal  with  only  one  popula¬ 
tion  of  neutral  particles,  those  in  the  fundamental 
levels  and  use  its  standard  approximations  for  the 
Boltzmann  equation  of  the  neutral  component.  The 
Boltzmann  equation  to  be  solved  is 

^/n(r,v)  -t-v~/„(r,v)  =  Stifn) 
where  the  Boltzmann  collision  operator  St(fn)  is 
St(fn)  =  fD(nn{<rctV)  +  nD{(TrV))-  (1) 
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-fn(nD  {ffciv)  -f-  no  (<T,o„v)), 

where  fo  is  the  ion  distribution  function  of  the 
plcisma  background.  Here  {ocxv),  {oionv)  and  {vrv) 
are  the  charge  exchange,  the  ionization  and  the  ra¬ 
diative  recombination  rate  coefficients.  The  Boltz¬ 
mann  equation  is  solved  either  in  a  half-space  or  in 
a  symmetric  plane  slab  with  symmetric  boundary 
conditions  [8],  assuming  for  the  background  plasma 
a  translational  symmetry. 


5  Conclusion 

•  Application  of  the  Sf  discretization  scheme  to 
algorithms  for  resolving  particular  types  of  the 
Boltzmann  equation. 
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1  Introduction 

Recent  progresses  in  shock-wave  studies  are  signif¬ 
icant  [1,  2].  Shock  waves  now  are  the  objects  not 
only  in  the  basic  research  but  also  for  useful  appli¬ 
cations  in  several  important  areas  such  as  medical 
treatment.  In  the  medical  applications,  specificly, 
it  is  necessary  to  discuss  shock  interactions  with 
matters  in  a  very  small  scale  [3,  4].  Our  objectives 
is  to  develop  means  to  investigate  shock  wave  phe- 
iioinrna  in  microscopic  scales  by  using  the  method 
of  molecular  dynamics.  This  report  presents  the 
current  jirogress  in  this  activity  at  the  Shock  Wave 
Hesearcli  Center,  Institute  of  Fluid  Science,  Tonoku 
I’niversity. 

(ienerations  of  shock  waves  by  a  moving  piston  in 
argon  is  simulated  and  the  propagations  and  reflec¬ 
tions  of  shock  waves  are  investigated.  Although  the 
resolutions  are  not  high  enough  in  the  current  sim¬ 
ulations.  it  is  shown  that  the  molecular  dynamics 
method  is  useful  for  investigating  the  shock  wave 
phenomena. 


2  Numerical  Method 

In  the  present  study,  a  soft-core  molecular  dynam¬ 
ics  method  is  used  [5].  Shock  waves  are  generated 
in  argon  by  moving  a  piston  with  a  constant  speed 
along  a  tube  with  rectangular  cro.ss  section.  The  do¬ 
main  of  molecular  dynamics  simulations  is  a  rect¬ 
angular  box  as  shown  in  Fig. 1(a).  It  has  a  cross 
section  of  lOOAxlOOA  and  is  3000A  long  in  the  di¬ 
rection  of  shock  wave  propagation.  The  domain  is 
further  divided  into  cells  of  lOA  thick  in  order  to 
calculate  local  gasdynamic  parameters  such  as  pres¬ 
sures,  densities  and  tem]ieratures  at  each  cell  loca¬ 
tion.  Mirror  reflections  of  argon  atoms  are  used  at 
the  right  wall  and  the  moving  left  wall  as  boundary 
conditions.  Periodic  boundary  conditions  are  used 
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Figure  1:  Numerical  Domain 

in  other  directions.  Initially  argon  atoms  are  dis¬ 
tributed  at  random  around  the  body-centered  lat¬ 
tice  locations  by  using  random  numbers.  The  ve¬ 
locities  of  atoms  are  so  assigned  that  the  velocity 
distribution  matches  the  Maxwell-Boltzmann’s  di.s- 
tribution  of  a  specified  temperature.  A  shock  wave 
is  initiated  by  moving  the  left  solid  wall  as  a  moving 
piston  a.s  in  Fig.  1(b)  with  a  specified  constant  speed 
as  a  moving  piston.  Calculations  are  carried  out  for 
ten  thousants  time  steps  before  starting  to  move 
the  left  wall  (piston)  as  a  preparation  run  in  order 
to  obtain  better  distributions  of  both  atom  loca¬ 
tions  and  their  velocities.  The  velocity  adjustment 
is  also  done  so  that  the  global  translational  energy 
becomes  zero  during  the  preparation  run.  Lennard- 
Jones  potential  and  exp-6  potential  [6]  are  used  in 
the  current  study.  Although  the  exp-6  potential 
usually  give  better  results  in  higher  pressures,  both 
potentials  give  similar  results  for  the  pressure  of  10 
atomosphere  in  the  current  study.  The  time  inte¬ 
gration  is  done  by  Verlet’s  method  and  the  time 
step  of  2fs  is  used  in  the  simulation. 

3  Results  and  Discussions 

Figure  2  shows  the  x-t  diagram  constructed  from 
the  pressure  distributions.  The  number  of  argon 
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atom  is  7680.  The  piston  speed  and  the  initial  den¬ 
sity  are  200m/s  and  16.99Kg/m®,  respectively.  It 
is  obtained  from  the  figure  that  the  speed  of  the 
incedent  shock  wave  is  492  m/s  and  agrees  with  the 
expected  value  of  483  m/s  with  the  error  of  1.8  %.  It 
is  interesting  to  note  that  the  propagations  of  char¬ 
acteristic  lines  with  appropriate  speed  is  observed  as 
streak  lines  in  the  x-t  diagram.  The  incedent  shock 
wave  is  refiected  at  the  right  wall  and  propagates  to 
the  left.  The  reflected  shock  wave  is  again  reflected 
at  the  moving  wall.  All  these  wave  movements  are 
clearly  seen  in  the  figure. 


is  found  that  those  values  agree  with  the  expected 
values  from  the  Rankine-Hugoniot’s  relation  within 
10%. 


Disunet 


Figure  4:  Averaged  pressure  distribution 


4  Conclusion 

A  shock  wave  generation  and  its  propagation  are 
properly  simulated  with  the  molecular  dynamics 
method.  The  shock  wave  structure  is  obtained  by 
averaging  distributions  of  parameters  such  as  pres¬ 
sure.  The  characteristics  are  also  visible  in  the  x-t 
diagram.  Current  work  continues  and  more  results 
will  be  presented  at  the  conference. 


Figure  2:  x-t  diagram 
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Figure  3  shows  the  pressure  distribution  at  0.32  ns 
after  the  wall  starts  to  move.  The  pressure  behind 
the  wall  is  arbitrarily  set  to  zero  since  there  is  no 
particle  there.  The  shock  wave  is  recognized  as  the 
rapid  increase  in  pressure  in  the  plot  but  the  val¬ 
ues  at  lOA  width  cells  fluctuate  rather  significantly 
with  the  number  of  particle  used  in  the  current  sim¬ 
ulation. 
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Figure  3:  Pressure  distribution 

In  the  case  of  constant  piston  speed  as  in  the  present 
study,  an  averaged  shock  pressure  distribution  can 
be  obtained.  Fig.4  is  the  pressure  distribution  av¬ 
eraged  over  20  distributions  at  different  moments. 
The  ratios  of  pressure,  density  and  temperature 
across  the  incident  shock  wave  are  also  obtained.  It 
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Figure  1:  Flow  in  a  channel  with  flat  walls 


An  analytical  study  is  performed  to  investigate  the 
slow  flow  of  slightly  rarefied  gas  in  a  channel  with 
flat  walls  at  temperatures  different  from  the  flow 
temperature.  This  is  a  fundamental  problem,  but 
particularly  interesting  from  fluid  dynamics  point  of 
view.  The  BGKW  [1],  [2]  model  of  the  Boltzmann 
equation  is  used  to  analyze  the  flow.  Figure  1  shows 
a  geometry  of  the  flow  in  a  channel  with  flat  walls 
at  different  wall  temperatures. 

We  assume  that  the  speed  ratio  5  and  the  Knud- 
sen  number  K  are  so  small  that  the  BGKW  model 
equation  may  be  linearized  and  written  in  terms  of 
the  nondimensional  distribution  function  $  [3],  [4], 
as  follows 

KX-L^  +  9  =  2XiU  +  N+(x^-l)e, 

dX  \  2/ 

X'^Xi+X^+X^,  (1) 

where  [/(U,0,0)  and  A’(A'i ,  Aj,  Aa)  are  the  nondi¬ 
mensional  flow  velocity  and  molecular  velocity  re¬ 
spectively.  The  quantities  N  and  0  are  the  per¬ 
turbed  nondimensional  number  density  and  tem¬ 
perature,  respectively.  The  boundary  conditions  to 
Eq.l  are  prescribed  at  the  wall  surfaces  as  follows: 

1.  The  gas  molecules  are  assumed  to  reflect  per¬ 
fectly  diffusely  with  the  temperatures  equal 
to  the  the  wall  temperatures,  T^ii  and  Tu,2, 
respectively,  which  may  be  described  by  the 
Maxwellian  distribution  function, 

2.  It  is  assumed  that  there  is  no  condensation  or 
evaporation  of  the  gas,  i.e.  no  net  mass  flux. 

The  flow  region  may  be  effectively  divided  into  the 
asymptotic  flow  region  and  the  Knudsen  layer  re¬ 
gion. 
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In  the  asymptotic  flow  region  which  is  far  from  the 
walls  in  terms  of  the  molecular  mean  free  path  / 
the  flow  properties  vary  gradually  with  respect  to 
/  and  Eq.l  leads  to  the  conventional  fluid  dynamic 
equations.  In  order  to  analyze  the  Knudsen  layer 
region  where  the  flow  properties  vary  significantly 
within  a  few  mean  free  paths  from  the  walls,  Eq.l 
has  to  be  solved  together  with  the  boundary  con¬ 
ditions  1)  and  2).  The  solution  will  be  expanded 
up  to  the  second  order  of  the  Knudsen  number  K. 
The  solution  thus  obtained  in  the  Knudsen  layer 
region  will  be  matched  asymptotically  with  that  of 
the  asymptotic  flow  region.  As  a  final  solution,  the 
flow  velocity  and  temperature  profiles  including  the 
velocity  slip  and  the  temperature  jump  at  the  wall 
surfaces  are  calculated  for  various  combinations  of 
the  wall  temperatures. 
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1  Introduction 

One  of  the  methods  to  increase  the  efficiency  in 
DSMC  axially  symmetric  flowfield  calculation  is  the 
weighting  factor  (WF)  [I].  The  use  of  WFs  is  a  com¬ 
plicated  and  scantily  explored  issue.  The  objective 
of  this  work  was  to  investigate  possibilities  of  var¬ 
ious  WFs  and  to  make  a  comparative  analysis  of 
their  efficiency. 


2  Correctness  of  WFs 

To  estimate  the  correctness  of  the  use  of  WFs,  there 
were  calculated  the  normalized  collision  number  6 
and  the  ratio  of  the  number  of  duplicate  molecules 
to  the  total  number  of  the  molecules  Q  =  — 

is  the  number  of  identical  particles  in 
the  cell)  for  cells  located  at  different  distances  from 
the  axis.  Numerical  experiments  were  performed 
for  subsonic  and  supersonic  flows. 

As  an  example  of  a  subsonic  flow,  there  was  con¬ 
sidered  a  flow  with  the  Mach  number  M  «  0.01. 
As  units  of  measure,  there  were  used  the  mean 
free  path  Aq  and  the  most  probable  molecular  ther¬ 
mal  speed.  The  comparison  of  efficiency  of  various 
WFs  Wcis  performed  for  the  obtained  flowfield  at 
the  cylinder  length  IOAq  and  its  diameter  SAq-  The 
total  number  of  cells  in  the  flowfield  is  640(40  x  16) 
with  equal  spacing  0.25Ao  in  each  direction.  The  to¬ 
tal  number  of  particles  without  WFs  is  40,000.  The 
hard  sphere  model  was  employed  for  the  description 
of  intermolecular  collisions. 

WFs  may  be  introduced  by  setting  a  maximum 
value  Wmai  of  the  WF.  The  limiting  cases  of  these 
WFs  for  the  used  net  are  Wmax  =  31,  which  corre¬ 
sponds  to  WFs  proportionate  to  cell  volumes  and 
Wmax  =  1,  which  corresponds  to  computation  with¬ 
out  WFs. 
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Figure  1:  The  normalized  collision  number  for  var¬ 
ious  WFs.  TD  corresponds  to  the  time  delay. 

For  Wmax  =  31  the  total  number  of  molecules  av¬ 
erages  2,500.  In  this  case  considerable  variations  of 
the  density  in  the  range  50  -  150  %  are  observed 
in  the  process  of  computation,  whereas  computing 
without  WFs,  the  density  deviation  does  not  exceed 
1  %.  Besides,  a  decrease  of  the  collision  number  0 
near  the  axis  by  60  %  is  observed  (fig.l).  That 
may  be  believed  to  be  the  consequence  of  a  large 
number  of  duplicate  molecules  (fig. 2).  More  sat¬ 
isfactory  results  have  been  obtained  for  lesser  WF 
{Wmax  =  10),  but  the  small  collision  number  near 
the  axis  does  not  allow  to  use  even  this  WF  (fig.l). 
To  decrease  the  number  of  duplicate  molecules  near 
the  axis,  the  case  was  considered  when  WFs  were 
introduced  from  some  reference  radius  Rrtj-  As  an 
example,  there  was  chosen  Rrej  =  2.  The  maxi¬ 
mum  value  Wmax  was  taken  equal  to  5.  The  ob¬ 
tained  collision  number  is  close  enough  to  the  cor¬ 
rect  value,  but  despite  the  large  number  of  simu¬ 
lated  molecules  («  19, 800),  density  fluctuations  re¬ 
main  at  the  range  from  80  to  120  %. 
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Figure  2:  The  ratio  of  the  number  of  duplicate 
molecules  to  the  total  number  of  molecules  for  var¬ 
ious  WFs.  TD  corresponds  to  the  time  delay. 


Figure  3:  The  computational  cost  at  the  calculation 
of  the  density  for  various  WFs.  TD  corresponds  to 
the  time  delay. 


The  undesirable  impact  of  the  molecule  duplication 
may  be  lessened  in  a  steady  flow  by  the  imposition 
of  a  time  delay  on  the  appearance  of  the  duplicate 
molecule  [1].  The  use  of  such  a  delay  for  Rre]  =  2 
and  Wmai  =  5  has  admitted  to  obtain  the  right 
collision  rate  (fig.l)  and  the  minimum  number  of 
duplicate  molecules  (fig. 2).  But  even  in  this  case  the 
density  deviation  during  the  computation  reaches 
20  %,  and  this  does  not  permit  to  calculate  the 
density  accurately  using  these  WFs. 

When  simulating  a  supersonic  flow  with  a  Mach 
number  of  2  with  WFs  proportional  to  cell  volumes, 
a  significant  decrease  of  density  variations  during 
the  computation  has  been  obtained  —  the  maxi¬ 
mum  deviation  has  not  exceeded  10  %.  The  be¬ 
haviour  of  other  calculated  values  is  analogous  to 
one  for  the  subsonic  flow. 


3  Comparison  of  efficiency 

To  compare  the  efficiency,  there  were  calculated 
the  dispersion  of  the  density  and  the  computational 
costs  during  its  calculation.  By  the  computational 
cost  is  meant  a  value  S  =  which  is  generally 

taken  in  the  Monte  Carlo  method  for  the  estimation 
of  the  algorithm  quality  [2].  Here  t  is  the  total  com¬ 
puter  time  spent  on  the  simulation,  n  is  the  number 
of  events  for  counting  the  dispersion  D^.  The  ob¬ 
tained  computational  costs  are  presented  in  fig.3. 


4  Conclusions 

The  performed  investigation  has  shown  that  we  may 
decrease  the  computational  cost  on  retention  of  the 
correct  collision  rate  by  the  selection  of  proper  WFs. 
But  simulating  a  subsonic  flow  in  which  the  motion 
of  the  molecules  towards  the  axis  is  expressed  sig¬ 
nificantly,  for  any  WFs  large  density  variations  are 
observed  during  the  computation.  So,  for  such  sub¬ 
sonic  flows  it  is  not  recommended  to  use  WFs. 
These  density  fluctuations  become  minor  when 
modelling  supersonic  flow.  It  may  be  deduced  that 
WFs  with  proper  selected  Wmax,firej,  and  the  time 
delay  may  be  sufficiently  profitably  used  for  the  sim¬ 
ulation  of  steady  supersonic  flows. 

This  work  was  supported  by  the  Russian  Founda¬ 
tion  for  Basic  Research  through  Grant  97-01-00878. 
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The  heat  transfer  in  rarefied  gas  between  coaxial 
cylinders  is  investigated  by  the  DSMC  calculation 
paying  special  attention  to  the  beginning  of  natu¬ 
ral  convection.  In  the  free  molecular  regime,  heat 
transfer  except  radiation  is  due  to  free  motion  of 
molecules  and  a  rate  of  heat  transfer  is  proportional 
to  the  number  density.  At  intermediate  pressure  the 
motion  of  molecules  is  restricted  by  other  molecules 
so  that  the  heat  transfer  does  not  increa.se  so  much 
as  an  increase  of  density.  In  the  continuum  regime 
since  the  increase  of  density  balances  to  the  restric¬ 
tion  of  molecular  motion,  the  heat  transfer  is  not 
affected  by  circumference  pressure.  As  the  pressure 
increases  furthermore,  however,  the  gravity  induces 
natural  con%'ection  due  to  buoyancy  and  the  heat 
transfer  increases  dramatically.  Although  the  natu¬ 
ral  convection  is  one  of  the  most  interesting  target 
that  should  be  analyzed  by  molecular  simulation 
of  DSMC,  the  convection  is  a  phenomenon  occur¬ 
ring  at  full  continuum  regime  and  it  is  difficult  to 
calculate  it  even  if  using  the  newest  system  of  com¬ 
puter.  Nevertheless  in  the  present  paper  the  natu¬ 
ral  convection  is  managed  to  be  reproduced  using 
the  DSMC  method  by  imposing  an  unrealistic  large 
value  of  imaginary  gravity  on  gases  between  two 
coaxial  cylinders. 

The  flowfield  between  coaxial  cylinders  is  shown  in 
Fig.l.  The  radius  of  an  inner  cylinder  R,  is  2.5mm 
and  that  of  an  outer  cylinder  Ro  is  35mm,  and  tem¬ 
perature  of  the  inner  cylinder  is  T,  =  400K  and 
that  of  the  outer  cylinder  is  T„  =  300K,  which  is  se¬ 
lected  according  to  the  experiment  already  carried 
out.  The  conditions  of  calculation  are;  1/A'n=l, 
10,  100  and  1000,  where  h'n  is  the  Knudsen  number 
based  on  the  mean  free  path  A  of  the  undisturbed 
gcLs  whose  temperature  is  300K  and  the  difference 
between  radiuses  of  two  cylinders  L  =  R„  —  R,. 
The  VHS  molecular  model  for  argon  and  the  null- 
collision  scheme  for  intermolecular  collisions  are 
adopted.  The  diffuse  reflection  is  a.ssumed  on  the 
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Figure  1:  Simulated  region 


surfaces  of  the  cylinders. 

Figure  2  indicates  temperature  of  the  flowfield  with¬ 
out  gravity  at  1/A'n=100.  Temperature  is  normal¬ 
ized  by  the  temperature  of  the  outer  cylinder  To  so 
that  the  temperature  of  the  inner  cylinder  is  1.333. 
There  is  almost  no  temperature  jump  near  the  sur¬ 
faces  of  the  cylinders  at  1/A'n=100.  Figure  3  is  den¬ 
sity  profile  at  1/A'n=100  with  imaginary  large  grav¬ 
ity  (about  10^  times  actual  gravity).  The  imaginary 
gravity  act  on  gas  molecules  in  —y  direction.  Den¬ 
sity  is  normalized  by  the  density  of  the  undisturbed 
gas  whose  temperature  is  300K.  Normalized  density 
at  various  pressures  has  very  similar  profile  such  as 
indicated  in  Fig. 3.  Velocity  vectors  of  gas  flow  with 
the  gravity  are  shown  in  Fig. 4  (1/A'n=10),  Fig. 5 
(1/A'n=100)  and  Fig. 6  (1/A'n=1000).  Although  the 
magnitude  of  flow  velocity  at  1/A'n=100  is  larger 
than  that  at  1/A'n=10,  it  is  not  small  in  compari¬ 
son  with  that  at  1/A'n=1000.  Figure  7  is  tempera¬ 
ture  profile  at  1/A'n=100  with  the  gravity.  Because 
of  the  gas  flow  by  the  convection,  the  temperature 
variation  is  relatively  small  except  near  the  surfaces 
of  the  cylinders.  Since  the  density  at  upper  side 
(y  >  0)  of  the  flowfield  becomes  very  low  due  to  the 
gravity,  the  temperature  jump  appears  there. 
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Numerical  Study  of  Pressure  and  Temperature  Amplification  in 

Shock  Wave  Focusing  * 

P.  Kowalczyk,  T.  Platkowski,  W.  Walus 
Institute  of  Applied  Mathematics  and  Mechanics 
Department  of  Mathematics,  Informatics  and  Mechanics 
Warsaw  University,  Poland 


The  process  of  focusing  of  a  shock  wave  by  a  concave 
surface  (reflector)  in  a  rarefied  noble  gas  is  investi¬ 
gated  by  a  numerical  solution  of  the  corresponding 
two  dimensional  initial-boundary  value  problem  for 
the  Boltzmann  equation. 

The  numerical  method  is  based  on  the  splitting  al¬ 
gorithm,  which  decouples  the  Boltzmann  equation 
on  each  time  step  into  two  equations;  the  free  flow 
(i.e.  collisionless  transport)  equation  solved  numer¬ 
ically  using  the  second  order  finite  volume  scheme, 
and  the  spatially  homogeneous  Boltzmann  equation 
with  the  collision  operator  evaluated  by  the  Monte 
Carlo  quadrature  formula  (see  [1]).  The  interaction 
of  the  gas  with  the  reflecting  surface  is  modeled  by 
the  Maxwell  boundary  conditions. 

We  analyze  influence  of  various  factors,  involved  in 
the  mathematical  model  of  the  problem,  on  the  pro¬ 
cess  of  focusing.  In  particular,  we  investigate  the 
pressure  amplification  factor  -  the  ratio  of  the  max¬ 
imum  value  of  the  pressure  to  its  reference  value  - 
and  study  its  dependence  on  the  strength  of  the 
shock,  the  accomodation  coefficient  appearing  in 
the  Maxwell  boundary  conditions,  and  on  the  shape 
of  the  reflector.  We  observe  the  saturation  of  the 
pressure  amplification  for  increasing  Mach  number. 
To  illustrate  the  dependence  of  the  phenomena  on 
the  shape  of  the  reflector  we  compare  the  results 
for  various  shapes:  a  parabola,  a  semisphere  and 
an  angle. 

We  also  compare  the  reflected  shock  trajectory  with 
the  trajectories  obtained  from  the  experiment  and 
Monte  Carlo  simulations  of  Walenta  [2]. 

Moreover,  we  study  macroscopic  effects  related  to 
the  variation  of  temperature  of  the  reflector.  In 
particular,  we  analyze  the  temperature  amplification 
factor,  including  the  case  in  which  the  reflector  tem¬ 
perature  is  diflfrent  from  that  of  the  gas.  We  also 
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study  the  dependence  of  the  pressure  and  temper¬ 
ature  amplification  factors  on  the  temperature  of 
the  reflector  in  the  case  of  the  Maxwell  boundary 
conditions  with  nonzero  diffusive  accomodation  co¬ 
efficient. 

Below  we  present  a  sample  graph  showing  the  iso¬ 
bars  of  the  shock  wave  which  focuses  after  being 
reflected  from  the  parabolic  surface. 


Figure  1;  The  isobars  for  M  =  1.6 
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The  class  of  exact  solutions  of  the  one-dimensional 
Navier-Stokes  equations  which  corresponds  to  the 
gas  flows  from  a  spherical  sink  and  source  was  in¬ 
vestigated  analytically  and  numerically.  In  addition 
to  the  interest  itself  these  investigations  were  under¬ 
taken  with  the  purpose  to  understand  the  reason  of 
obtained  unexpected  results  :  the  tendency  of  the 
gas  velocity  to  approtich  zero  when  the  gas  issues 
into  vacuum  [1],  the  absence  of  limit  transition  to 
an  inviscid  flow  for  a  sink  and  an  increase  of  mass 
flow  as  compared  to  a  limit  inviscid  value  [2],  The 
analysis  has  shown  that  the  searching  of  unknown 
solutions  of  the  Navier-Stokes  equations  essentially 
depends  on  a  choice  of  the  boundary  conditions  in 
an  infinitely  remote  point.  For  example,  a  sought 
solution  for  sink  can  be  obtained  for  a  class  of  solu¬ 
tions  with  a  finite  value  of  heat  flux  in  an  infinitely 
remote  point.  For  viscous  and  heat  conductive  gas 
critical  values  of  a  velocity  and  temperature  on  a 
sound  sink  line  appear  less  and  the  density  and  pres¬ 
sure  are  greater  than  respective  values  for  an  ideal 
gas.  In  this  case  an  increase  of  gas  density  becomes 
especially  noticeable.  At  low  Reynolds  number  it 
results  in  an  increase  of  mass  flow  in  the  sink  as 
compared  to  its  limiting  value  for  an  ideal  gas. 

However  the  limited  applicability  of  the  Navier- 
Stokes  equations  with  increase  of  the  Knudsen  num¬ 
ber  does  not  allow  to  describe  a  full  flow  pattern 
in  a  sink  and  source  from  the  continuum  to  free 
molecule  regimes.  Therefore  below  this  problem  is 
investigated  numerically  by  Monte  Carlo  method. 

A  spherical  flow  from  infinity  to  a  specularly  reflect¬ 
ing  sphere  (a  sink)  with  following  expansion  of  gas 
in  vacuum  from  this  sphere  (a  source)  is  considered. 
The  interaction  of  these  two  flows  is  the  result  of  the 
only  specular  reflection  of  molecules  on  sphere.  The 
method  of  trial  molecules  Monte  Carlo  [3]  wcis  used 
at  a  numerical  solution  of  this  problem.  The  flow 
parameters  in  a  spherical  sink  and  source  were  de¬ 
fined  at  various  values  of  the  Reynolds  number.  The 
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maximum  value  of  mass  flow  was  calculated.  The 
results  are  compared  with  data,  obtained  by  means 
of  the  Navier-Stokes  equations  [2]  and  experiment 

[4]. 

Acknowledgment 

The  work  was  carried  out  at  support  of  the  Russian 
Foundation  for  Basic  Research  (Grant  97-01-00577) 
and  State  Program  for  Leading  Research  Groups 
Support  (Grant  96-15-96063) 

References 

[1]  Gusev  V.N.,  Zhbakova  A.V.,  Features  of  spher¬ 
ical  expansion  of  viscous  gas  into  a  constant- 
pressure  medium,  Uchenye  Zapiski  TsAGI,  v.7, 
no.4,  1976  (in  Russian). 

[2]  Gusev  V.N.,  Khmelnitskaja  E.V.,  On  a  maxi¬ 
mum  value  of  mass  gas  flow  through  an  orifice 
Proc.  17th  RGD  Intern.  Symp.,  Aachen,  Ger¬ 
many,  pp. 612-617,  1991. 

[3]  Vlasov  V.L,  Conservative  variant  of  a  method 
of  trial  molecules  (Monte  Carlo)  Trans,  of  8th 
All-Union  conference  on  RGD,  M.,  1986  (in 
Russian). 

[4]  Liepmann  H.W.,Gasfcmefjcs  and  gasdynamics 
of  orifice  flow  Journal  of  Fluid  Mechanics, 
v.lO,  p.1,1961. 


97 


Numerical  Simulation  -  NS  P 


On  the  Costs  of  Continuous  Time  Monte  Carlo 
Algorithms  for  the  Boltzmann  Equation  of  Rarefied  Gases  * 

A. I.  Khisamutdinov,  L.L.  Sidorenko 

Sobolev  Institute  of  Mathematics,  Russian  Academy  of  Sciences,  Novosibirsk,  Russia 


In  papers  [l]-[8]  the  constructive  continuous  time 
Monte  Carlo  (CTMC)  methods  (Vo,6o)  for  the  spa¬ 
tially  inhomogeneous  smoothed  Boltzmann  equa¬ 
tion  were  introduced  and  developed.  Here  Vo 
denotes  a  Markov  random  process  with  jumps, 
is  an  estimator  (a  function  of  the  trajec¬ 
tory),  U  is  a  given  time  instant.  These  methods  are 
different  from  well  known  direct  simulation  Monte 
Carlo  (DSMC)  methods  ;  and  the  latter  ones  may 
be  obtained  from  CTMC  methods  by  dividing  the 
time  variable  into  At  steps  and  splitting  the  opera¬ 
tor  of  master  equations. 

According  to  the  terminology  used  we  distinguish 
the  notions  of  Monte  Carlo  method  and  a  Monte 
Carlo  algorithm:  the  latter  includes,  additionally  to 
Monte  Carlo  method,  the  specific  structure  of  the 
simulation  of  distributions  and  the  concrete  forms 
of  implementation  of  random  estimators.  A  method 
can  be  implemented  through  different  algorithms. 
We  constructed  the  following  algorithms:  the  ’’al¬ 
gorithm  with  different  time  coordinates”,  the  ’’al¬ 
gorithm  with  additional  jumps”  and  the  ’’algorithm 
with  generalized  null-collision  technique”  (GNCT) 
([4]-[8]). 

We  mean  the  cost  of  algorithm  A  as  the  product 
Cos<(A)  =  V'p^(do)  i.  Here  V-p„(  )  is  the  variance 
of  the  method  {Vo,0o),  t  is  the  mean  time  needed 
to  model  one  trajectory.  We  assume  that  the  main 
contributions  into  t  on  the  trajectories  A  are  re¬ 
sulted  from  quantities  !/»,«/,,  which  are  mean  num¬ 
bers  of  operations  (per  second)  needed  to  simulate 
the  intersections  of  the  boundaries  and  the  collisions 
between  the  particles,  respectively. 

Some  whole  picture  of  relation  of  costs  of  different 
simulation  algorithms  of  CTMC  methods  may  be 
obtained  on  the  base  of  comparison  of  asymptoti¬ 
cal  costs,  which  are  asymptotical  on  3  parameters: 
Ni,  1C  and  At,  where  Ni  =  hoVb,  tC  =  (A'n)"*, 
ho  is  the  mean  initial  density  of  gas  in  the  whole 
volume  (U)  ,  Vo  is  the  volume  of  interaction,  A'n  is 
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the  Knudsen’s  number  ,  At  is  the  step  of  splitting  in 
DSMC  methods.  The  costs  of  the  best  algorithms 
of  CTMC  methods  are  linear  on  N\  and  square  on 
K;  the  costs  of  the  best  algorithms  of  DSMC  meth¬ 
ods  are  linear  on  K  and  (1/A<)  and  mostly  linear 
on  Ni .  The  GNCT  is  used  in  the  best  algorithms  of 
CTMC  methods.  In  contrast  to  null-collision  tech¬ 
nique  from  [9]  here  one  more  constant  is  used;  i.e., 
the  upper  bound  of  the  number  of  interacting  pairs. 
In  this  paper,  first,  the  asymptotical  costs  of  the 
algorithms  Ao\,  Aoo  for  the  one-dimensional  prob¬ 
lem  are  given.  In  Aoi  the  traditional  for  DSMC 
methods  model  of  interactions  is  used:  two  parti¬ 
cles  I  and  m  interact  if  and  only  if  when  they  are  in 
the  same  subvolume  ("cell”).  In  Aqo  they  interact, 
when  the  distance  between  them  does  not  exceed  p, 
|r'  -  r"*!  <  p  (see,  for  cxample[4]). 

Second  and  third,  in  this  paper  two  new  approaches 
to  the  construction  of  CTMC  methods  algorithms 
are  considered  which  allow  to  construct: 

a)  the  algorithms  (Cl)  of  CTMC  methods,  whose 
costs  have  the  dependence  on  N\  as  (Ni)“,  0  <  o  < 
1, 

b)  the  algorithms  (C2)  of  CTMC  methods  with 
costs  linear  on  AC  and  on  (At)~\ 

In  (Cl)  we  use  hierarchical  numbering  of  parti¬ 
cles.  The  algorithms  (C2)  are  approximate,  they 
are  based  on  a  scheme  of  splitting,  which  is  different 
from  the  scheme  in  DSMC  methods;  it  is  character¬ 
istic  for  our  algorithms  that  restrictions  on  the  size 
of  subvolume  ("cell”)  are  absent. 

A  lot  of  numerical  experiments  connected  with  com¬ 
parison  of  different  algorithms  and  with  confirma¬ 
tion  of  asymptotic  estimations  is  presented  in  this 
paper. 

This  work  is  supported  with  grant  97-01-00776  of 
Russian  Foundation  of  Basic  Research. 
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Numerical  analysis  of  rarefied  gas  flows  allows  to 
study  the  evolution  of  instabilities  that  arise  in 
flows  at  small  Knudsen  numbers.  This  direction 
of  rarefied  gas  investigation  was  started  in  papers 
[1-5]  when  considering  shear  Taylor-Couette  flow. 
In  these  papers  the  direct  simulation  Monte  Carlo 
method  of  the  first  order  accuracy  was  applied  for 
numerical  solution  of  the  problem.  The  main  diffi¬ 
culty  that  arises  takes  place  upon  calculating  rar¬ 
efied  gas  flow  with  the  use  of  the  first  order  differ¬ 
ence  schemes  is  the  scheme  viscosity  that  may  be 
competitive  with  physical  one  at  the  small  Knud¬ 
sen  numbers.  To  avoid  this  effect  in  calculations  it 
is  necessary  that  time  and  space  step  sizes  were  less 
than  the  Knudsen  number. 

In  this  paper  the  model  kinetic  Krook  equation  is 
used  for  describing  a  gas  flow.  Its  solution  is  carried 
out  by  a  regular  numerical  method  that  is  specially 
adapted  to  the  calculation  of  a  gas  flow  at  small 
Knudsen  number  [6].  The  method  is  conservative, 
of  the  second  order  accuracy  with  respect  to  time 
and  space  and  has  no  scheme  viscosity  in  the  sense 
that  the  second  space  derivatives  corresponding  to 
the  scheme  viscosity  are  not  present  in  the  diffrence 
approximations  of  the  numerical  scheme. 

This  method  is  used  for  studying  the  axially  sim- 
metric  gas  flow  between  two  coaxial  infinitely-long 
circular  cylinders  that  are  rotating  with  different 
velocities.  First  of  all,  Taylor  vortexes  have  been 
reproduced,  that  are  generating  as  a  result  of  flow 
instability  with  decreasing  the  Knudsen  number. 
This  case  has  been  considered  before  in  [1-5]. 

We  consider  a  new  case  of  instability  generation 
when  both  cylinders  are  rotating  around  the  axis 
as  a  solid  body  with  a  constant  angular  accelera¬ 
tion.  In  the  gap  between  the  cylinders  due  to  the 
inertia  force  a  closed  one-dimensional  flow  of  the 
Poiseuille  type  is  generated.  As  the  Knudsen  num¬ 
ber  decreases  the  loss  of  the  flow  stability  occurs 
and  there  appear  non-stationary  vortex  structures 
periodically  located  along  the  axis. 

This  problem  has  analogy  for  viscous  incompress- 
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ible  fluid.  With  time  in  the  reference  linked  with 
the  solid  body  a  stationary  one-dimensinal  flow  is 
stated.  For  this  flow  an  exact  solution  of  Navier- 
Stokes  equations  is  found  and  its  stability  is  investi¬ 
gated  numerically.  The  result  is  very  useful  for  com¬ 
parison  with  rarefied  gas  flow  as  well  as  the  Taylor 
result  for  incompressible  fluid  [7].  For  rarefied  gas 
flows  and  for  incompressible  fluid  the  values  of  ro¬ 
tation  momentum  acting  on  each  of  cylinders  with 
time  are  calculated.  Presented  numerical  results 
show  the  instability  evolution  in  gases  on  the  basis 
of  the  kinetic  approach. 
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1  Introduction 

Calculations  of  macroscopic  rates  of  chemical  reac¬ 
tions  and  thermal  relaxation  processes  can  be  per¬ 
formed  with  specified  values  of  corresponding  colli¬ 
sion  cross-sections  and  distribution  functions  of  re¬ 
acting  molecules.  In  case  of  high  energy  threshold  of 
chemical  reaction,  high-velocity  (or  energy)  tails  of 
molecular  distribution  functions  have  to  be  known 
for  these  calculations.  An  accurate  determination  of 
these  tails  for  spatially  nonuniform  rarefied  flows  is 
rather  complicated  due  to  the  complex  nature  of  the 
Boltzmann  equation.  Therefore,  first  numerical  re¬ 
sults  were  obtained  for  BGK  model  equation  [1,  2]. 
As  for  the  Boltzmann  equation,  only  a  general  qual¬ 
itative  analysis  was  performed  in  [3,  4]. 

As  a  result,  a  number  of  properties  of  distribution 
function  tails  was  obtained  for  BGK  model  equa¬ 
tion  only.  At  present,  there  is  no  direct  evidence  of 
correspondence  between  the  solutions  of  the  Boltz¬ 
mann  equation  for  distribution  function  tails  and 
those  for  BGK  model.  Such  an  evidence  is  needed 
to  confirm  the  basic  principles  of  the  asymptotic 
theory  of  distribution  function  tails.  This  is  also 
useful  for  effective  calculation  of  macroscopic  rates 
of  high-threshold  reactions.  The  main  objective  of 
this  paper  is  the  study  of  high-velocity  tails  of  dis¬ 
tribution  functions  by  the  direct  simulation  Monte 
Carlo  (DSMC)  method. 

The  DSMC  solutions  of  the  Boltzmann  equation 
will  be  presented  for  the  problem  considered  in  [1, 
2],  namely,  the  determination  of  distribution  func¬ 
tion  tails  for  one-dimensional  problem  of  heat  trans¬ 
fer  and  for  Couette  flow.  The  high-velocity  tails  of 
distribution  functions  were  computed  with  accept¬ 
able  accuracy  with  two  different  numerical  schemes 
of  the  DSMC  method,  [5,  6]  and  [7].  The  cal¬ 
culations  were  performed  for  two  molecular  colli¬ 
sion  models,  hard  spheres  and  pseudo-maxwellian 
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molecules.  Results  of  computations  were  compared 
with  known  solutions  of  BGK  equation  [1,  2], 


2  State  of  the  art 

The  following  statements  come  from  [1,  2,  3,  4]: 

1.  At  small  Knudsen  number,  A'n,  a  strong  per¬ 

turbation  of  local-equilibrium  Maxwellian  distribu¬ 
tion  /o  arises  at  molecular  velocities  whose  value  is 
of  the  order  of  CT(An)~'^^  in  case  of  Maxwellian 
molecules  and  for  hard  spheres.  Here 

Ct  =  s/2RT  is  the  most  probable  molecular  ther¬ 
mal  speed,  Kn  =  l/L  is  the  local  Knudsen  num¬ 
ber,  /  is  the  molecular  mean  free  path,  and  L  = 
|VlnT|~*  is  the  local  value  of  flow  space  scale. 

2.  From  item  1  follows,  in  particular,  that  for  the 
problem  of  heat  transfer,  the  perturbation  of  local 
Maxwellian  distribution  is  stronger  and  occurs  at 
smaller  molecular  velocities  if  we  consider  gas  near 
the  cold  wall.  The  reason  for  this  is  the  increase  of 
the  local  Knudsen  number  near  this  wall. 

3.  The  tails  of  distribution  functions  may  have  lo¬ 
cal  and  non-local  properties  at  Kn  «  1.  The  lo¬ 
cal  solution  comes  from  molecules  moving  in  the 
direction  of  temperature  increasing.  The  solution 
becomes  non-local  for  large  molecular  velocities  of 
opposite  direction.  This  is  beacuaise  of  extremely 
large  number  of  fast  molecules  in  high-temperature 
regions. 

4.  In  agreement  with  these  results,  the  usually 
calculated  normalized  distribution  function  Fi  = 
fi{Vx)/ foi[Vx)  has  strongly  deviates  from  unity 
at  large  positive  Vx  where  Fi  <  1,  and  at  large 
negative  Vx  where  Fi  >>  1.  In  the  second  case  the 
solution  may  have  non-local  properties  [1,  2,  3,  4]. 
Here,  X-axis  is  normal  to  the  walls  and  directed 
to  the  hot  one.  The  function  foi(Vx)  is  the  one- 
component  Maxwellian  distribution.  The  value  of 
dimensionless  molecular  velocity  is  V  =  CfCr- 


101 


Numerical  Simulation  -  NS  P 


3  Numerical  results 

The  calculations  of  profiles  of  macroparametes 
(density,  velocity  and  temperature)  and  gas  trans¬ 
port  properties  does  not  make  a  problem  from  com¬ 
putational  point  of  view  for  one-dimensional  flows. 
However,  obtaining  high-velocity  tails  of  the  dis¬ 
tribution  functions  by  the  DSMC  method  with  ac¬ 
ceptable  accuracy  (better  than  5%)  require  a  huge 
amount  of  CPU  time  even  for  ID  case.  This  is 
because  of  an  extremely  low  population  of  high- 
velocity  tails.  In  order  to  provide  an  acceptable 
accuracy  for  distribution  function  in  a  wide  range 
of  velocities,  the  total  sampling  size  was  about  10® 
timesteps,  and  the  number  of  collisions  with  a  cold 
wall  was  about  1.5  ■  10®. 

The  study  of  statistical  dependence  between  model 
molecules  has  also  been  conducted.  It  was  found 
that  corresponding  errors  caused  by  statistical  de¬ 
pendence  of  molecules  did  not  exceed  0.5%. 

The  computations  of  normalized  distribution  func¬ 
tion  tails  showed  that  the  data  taken  from  BGK  so¬ 
lutions  are  in  reasonable  qualitative  agreement  with 
the  DSMC  results. 
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1  Introduction 

One  of  the  leading  instruments  for  the  numerical 
solution  of  applied  problems  of  rarefied  gas  dynam¬ 
ics  is  the  direct  simulation  Monte  Carlo  (DSMC) 
method  [1].  There  may  be  used  distinct  estima¬ 
tions  for  calculations  of  macroscopic  properties  of 
the  gas  flow  in  this  method. 

The  commonly  employed  estimation  of  parameters 
in  a  cell  is  performed  by  a  “photograph”  of  the  state 
of  the  molecules  on  each  time  step  with  equal  contri¬ 
bution  of  each  molecule  [1].  Further  this  estimation 
will  be  referred  to  as  the  “photograph”  estimation. 

When  using  the  “intersection”  estimation  [2],  the 
summation  of  data  required  for  the  calculation  of 
gas  properties  occurs  during  the  motion  of  the 
molecules,  and  the  necessary  values  are  determined 
at  preset  planes.  As  soon  as  a  molecule  crosses  such 
a  plane,  the  summation  of  the  information  with  a 
weight  l/u*  happens  (  here  Ur  is  the  velocity  of 
the  molecule  in  the  direction  perpendicular  to  the 
plane). 

For  the  “time”  estimation  the  information  is 
summed  to  cells  that  molecules  passed  through,  and 
the  contribution  of  a  molecule  is  proportional  to  the 
time  that  the  molecule  stays  in  the  cell. 

The  objective  of  this  work  was  comparison  of  effi¬ 
ciency  of  these  estimations  for  the  simulation  of  one¬ 
dimensional  flows.  For  this  purpose  there  were  cal¬ 
culated  computational  costs  during  the  calculation 
of  various  macroscopic  properties.  By  the  compu¬ 
tational  cost  is  meant  a  value  S  =  t  -  D^/n,  which  is 
generally  taken  in  the  Monte  Carlo  method  for  the 
estimation  of  the  algorithm  quality  [3].  Here  t  is 
the  total  computer  time  spent  on  the  simulation,  n 
is  the  number  of  events  for  counting  the  dispersion 
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Figure  1 :  The  time  step  dependence  of  the  compu¬ 
tational  cost  at  the  temperature  calculation  for  the 
fixed  cell  number  N  =  10. 

2  Calculations 

The  analysis  was  performed  for  the  problem  of  heat 
transfer  between  parallel  plates  enclosing  rarefied 
gas  for  the  Knudsen  number  Kn  =  1.  The  hard 
sphere  model  was  employed  for  the  description  of 
intermolecular  collisions.  As  units  of  measure,  there 
were  used  the  mean  free  path  Ao  and  the  most 
probable  molecular  thermal  speed.  To  avoid  in¬ 
fluence  of  gradients  of  macroscopic  properties,  the 
case  of  equal  temperatures  of  the  plates  was  con¬ 
sidered  (Ti/To  =  1).  During  the  investigation  there 
were  varied  the  time  step  for  the  fixed  cell  number 
AT  =  10  and  the  cell  number  for  the  fixed  time  step 
Af  =  0.1  The  density,  the  temperature,  the  heat 
flux,  and  the  computational  costs  at  the  calculation 
of  the  considered  quantities  were  calculated. 

The  obtained  relationships  between  the  computa¬ 
tional  cost  at  the  temperature  calculation  and  the 
time  step  At  (fig.l)  and  the  number  of  cells  N  (fig.2) 
are  presented.  Similar  results  are  obtained  for  cal- 
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Figure  2:  The  cell  number  dependence  of  the  com¬ 
putational  cost  at  the  temperature  calculation  for 
the  fixed  time  step  At  =  0.1. 

culations  of  the  density  and  the  heat  flux,  with  the 
“time”  estimation  being  more  efficient  in  compari¬ 
son  with  the  “photograph”  estimation  for  the  heat 
flux  and  less  efficient  for  the  density. 

It  should  be  pointed  out  that  the  “time”  estimation 
produces  more  correct  results  in  the  calculation  of 
the  highest  moments  of  the  distribution  function  for 
sufficiently  large  time  steps  in  comparison  with  the 
“photograph”  estimation.  To  demonstrate  this  fact, 
computations  of  the  heat  flux  were  performed  for 
various  time  steps  for  the  Knudsen  number  A' n  =  1 
and  for  the  temperature  ratio  Tj/To  =  4. 

The  solution  obtained  by  the  simulation  using  the 
“time”  estimation  with  the  time  step  of  0.01  was 
considered  standard.  Beginning  with  the  At  <  0.1 
results  for  this  estimation  practically  coincide  with 
the  standard  solution  (fig. 3).  For  the  “photograph” 
estimation,  although  a  much  smaller  time  step  was 
used,  even  for  At  =  0.005  the  obtained  profile  dis¬ 
tinctly  differs  from  the  correct  one.  So  the  "time” 
estimation  allows  to  use  much  larger  time  steps  than 
the  “photograph”  estimation,  with  more  accurate 
results  being  obtained. 

3  Conclusions  and  discussion 

From  the  performed  investigation,  the  following  de¬ 
ductions  may  be  made: 

1)  The  traditional  sampling  procedure  [1]  seems  to 
be  the  most  natural,  can  be  readily  realized,  but  is 


0  0.2  0.4  0.6  0.8  X 

Figure  3:  The  heat  flux  profiles  for  various  time 
steps  for  the  “time”  and  “photograph”  estimations 
when  solving  the  heat  transfer  problem  for  the  tem¬ 
perature  ratio  Tj/To  =  4. 

not  effective  or  even  incorrect  for  calculations  of  the 
highest  moments  of  the  distribution  function. 

2)  The  advantage  of  the  “intersection”  estimation 
is  the  opportunity  of  calculation  of  the  boundary 
conditions. Its  shortcoming  is  a  large  dispersion. 

3)  The  “time”  estimation  is  recommended  to  use 
for  the  highest  moment  computations,  with  its  ef¬ 
ficiency  increasing  with  the  rise  of  the  number  of 
cells  passed  through  by  a  molecule  at  the  time  step. 
But  this  procedure  is  hardly  applicable  for  the  sim¬ 
ulation  of  not  one-dimensional  flows. 
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Replacing  the  initial  problem  by  a  sequence  of  linear 
problems  is  one  of  the  most-used  approaches  of  solv¬ 
ing  nonlinear  problems  by  the  Monte  Carlo  method. 
In  the  present  work  this  approach  is  considered  on 
a  basis  of  solving  initial  nonlinear  equation  by  the 
simple  iteration  method.  Therewith  linear  integral 
equation  is  solved  by  the  Monte  Carlo  method  with 
the  use  of  the  frequency  polygon  method  (estima¬ 
tion  solution  in  grid  nodes  with  following  multilin¬ 
ear  approximation). 

Let  us  consider  the  nonlinear  integral  equation  = 
G((p).  We  assume  that  the  solution  yi*(.)  of  this 
equation  can  be  found  by  the  iteration  method, 
starting  with  some  approximation  <po{.)  and  holds 

l|G(¥’n)-V’*ll  <9llV’n-V’*ll>  9<1- 

The  symbol  v’n(  )  (^n(  ))  denotes  exact  solution 
(stochastic  estimation  by  the  Monte  Carlo  method) 
of  n-th  iteration  provided  that  the  value  of  the 
(n  —  l)-th  iteration  is  fixed  and  coincides  with 
approximation  of  the  frequency  polygon  method 
L{M)‘Pn-\(x).  This  means,  in  particular,  that  the 
relation  ipn(x)  =  G(L^M)^n-\(x))  is  valid. 

We  interest  the  total  error  on  n-th  iteration 


p(.)  and 

Sn  =  sup  \L(M)(pn{x)  -  ^*(x)|  . 
r6t> 

Relation  of  the  form 

P(<5„  <T(n,Mi,...M„,Ari,...,iV„))  >  l-e,  (1) 

where  T(n,  Mi,  . . .  Af„, Ni,  . . . ,  IV„) ->  0 

for  Mi,Ni  -f-oo,  i  =  1 ,  . . . ,  n 

and  for  a  small  positive  e  are  obtained.  From  (1) 
follows  the  approach  to  choosing  of  the  optimal  pa¬ 
rameters  M,  ,  AT,  ,  i  =  1,  . . . ,  n  for  fixed  n.  This  ap¬ 
proach  consist  of  solving  the  minimization  problem 
[1]: 

min  5(M.-,Ar,)  (2) 

Mi,Ni 

when  T(n,  Mi,  . . .  Mn,Ni,  Nn)  =  o 

for  the  fixed  level  of  possible  error  a  >  0.  Here  S{.) 
is  the  computational  cost. 

Let  us  assume  that  the  kernel  of  linear  integral 
equation  on  j-th  iteration  satisfy  the  condition 
€  Cj/(D)  X  C^{D).  We  consider  two  cases: 
p  =  1  and  p  =  2.  If  some  additional  assumptions 
are  valid  [3],  then  we  obtain  the  following  form  for 
T: 


The  symbols  Mi ,  Ni  denote  number  of  grid  nodes 
and  number  of  path  of  the  frequency  polygon 
method  used  for  solving  linear  integral  equation 
on  i-th  iteration.  The  theory  of  the  Monte  Carlo 
method  widely  uses  the  concept  of  computational 
cost  [1].  The  problem  of  choice  of  optimal  relation 
between  the  number  of  path  IV,  and  the  number  of 
grid  nodes  M,-  for  the  linear  and  nonlinear  integral 
equation  was  solved  in  Lj-metric  [1].  Analogical 
problem  in  C- metric  was  solved  for  the  ”free-path” 
estimation  [2]. 

In  this  work  we  consider  C-approach  [3]  in  which 
the  metric  of  the  function  space  C(D)  is  used  as 


f(n,Mu 


...M„,Ni . Nn)  =  Ci,p'^ 

t=i 


M 


Pit 


+pC2^2 

1=1 


g"-VM7 


Here  I  is  the  dimensionality  of  the  space.  Constants 
Ci,p  and  C2  are  estimated  the  basis  of  the  prelim¬ 
inary  calculations  by  a  maximum  of  the  variance 
and  the  upper  bound  of  the  p-order  derivatives  cor¬ 
respondingly. 

The  computational  cost  of  considered  method  is 
proportional  to  the  value 
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n 

5(n,Mi . Mn,Ni,...,Nn)  =  t 

i=l 
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where  t  designate  the  average  cost  of  computing  the 
path.  Solving  problem  (2),  we  obtain  the  following 
optimal  relations: 


M, 


Mi  =  Mn-q^,  (3) 

n  —  1 

Q  =  ^9  • 

«=i 

Thus,  the  value  Af,  and  Ni  are  connected  by  the 
following  relation: 


NiM; 


-(i+2p)//  _ 


VC?p' 


Here  /i  has  a  form: 

=  21n( - -  lnln( - ^)- 

1  —  1  —  qTTip 

-2(ln((-ln(l-e)/2)-i^). 

Then  we  obtain  the  following  minimal  value  of  com¬ 
putational  cost: 


c.  li±M ,  -(/p 

o.  ~  Q  f  In  Q 


The  optimal  relations  (2)  are  tested  for  the  model 
kinetic  equation  (BGK)  for  a  classical  problem  on 
heat  transfer  between  two  infinite  plane.  The  com¬ 
putational  experiments  with  the  optimal  relations 
(3)  show  that  obtained  error  does  not  exceed  the 
fixed  level  of  possible  error  a. 
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1  Introduction 

The  traditional  algorithm  of  collisional  process  in 
DSMC  method,  used  for  calculation  of  velocities  of 
molecules  after  collision,  is  based  on  the  conserva¬ 
tion  laws  for  linear  momentum  and  total  energy  [1]. 
This  algorithm  does  not  provide  conservation  of  an¬ 
gular  momentum  with  respect  to  some  axis,  but  for 
non-rotating  flow  this  circumstance  is  insignificant, 
since  the  mean  value  of  angular  momentum  of  such 
kind  of  flow  is  equal  to  zero. 

The  situation  changes  for  axisymmetric  flow  with 
rotation.  In  this  case  the  traditional  procedure 
leads  to  some  internal  source  or  sink  of  angular  mo¬ 
mentum  that  may  distort  the  flowfield. 

In  this  paper  the  investigation  of  the  above  ef¬ 
fect  is  made.  The  angular  momentum  conservative 
(AMC)  algorithm  of  collisional  process  is  proposed. 


2  Problem  Formulation 

The  investigations  were  made  for  one-dimensional 
axisymmetric  flow  of  monoatomic  gas  in  the  tube 
with  specular  wall.  The  evolution  of  initially 
swirling  flow  during  the  time  was  studied.  The  gas 
in  the  tube  with  uniform  initial  density  no  and  tem¬ 
perature  To  and  equilibrium  distribution  function 
was  assumed  to  start  rotating  as  a  solid  body,  the 
initial  tangential  speed  on  the  wall  being  equal  to 
Uu,.  For  given  molecular  model  the  problem  con¬ 
tains  two  governing  parameters:  the  Knudsen  num¬ 
ber  Kn,  defined  by  the  ratio  of  the  mean  free  path 
in  the  gas  at  <  =  0  to  the  radius  of  the  tube  r^, 
and  the  speed  ratio  Sw  =  RTq.  For  any 

values  of  Kn  and  Sw  there  should  be  no  temporal 
dependence  of  total  energy  E  and  total  angular  mo¬ 
mentum  I  of  the  gas.  The  computations  show  that 
this  condition  is  satisfied  only  for  E. 
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Fig.l  illustrates  the  dependencies  of  I/Iq  on  the 
time  for  some  of  considered  variants  for  Sw  = 
1.  The  time  is  normalized  by  the  value  of  to  = 
2irrt/vw,  so  t /to  represents  the  number  of  revolu¬ 
tions  of  solid  body  with  i;(r()  =  Vw 


Figure  1:  Temporal  dependence  of  total  angular 
momentum 

As  can  be  seen  from  Fig.l,  for  all  of  the  variants 
the  decreasing  of  I/Iq  with  increasing  of  t/to  is 
observed.  For  given  Kn  the  effect  is  more  pro¬ 
nounced  for  solid  sphere  molecules  {SS)  in  com¬ 
parison  with  1^55  molecular  model  for  Maxwell 
molecules  (MM).  The  effect  depends  on  the  Knud¬ 
sen  number:  the  less  Kn  the  more  the  effect.  But 
the  highest  sensitivity  of  the  effect  is  observed  to 
the  grid  size:  changing  the  number  N  of  cells  from 
50  to  25  causes  the  same  effect  as  the  decrease  of 
the  Knudsen  number  approximately  by  4  times. 
Due  to  the  dependence  of  I(t)  it  is  diflicult  to  obtain 
steady  solution  of  the  problem  except  terminal  one, 
when  at  <  -+  00  the  gas  will  stop  with  uniform 
density  no  and  temperature  T  =  2E/ZR. 

3  AMC  Algorithm 

The  reason  of  temporal  dependence  of  total  angular 
momentum  is  quite  clear:  the  colliding  molecules 
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have  different  radial  coordinates  ri.rj,  that  leads 
to  the  difference  in  angular  momentum  mi  Vi  ri  + 
m2  V2  ri  of  these  molecules  before  and  after  collision 
(v  denotes  the  tangential  component  of  velocity  of 
the  molecule).  To  provide  the  conservation  of  angu¬ 
lar  momentum  the  algorithm  of  collisional  process 
should  be  changed.  One  possible  variant  of  AMC 
algorithm  is  as  follows. 

Let  us  denote  by  u  the  vector  containing  axial  and 
radial  components  of  velocity  of  molecule.  The 
post-collision  velocities  calculated  by  traditional 
procedure  will  be  denoted  by  symbol  ♦,  while  the 
symbol '  will  be  used  for  these  velocities  in  the  pro¬ 
posed  algorithm. 

The  algorithm  is  based  on  conservation  law  of  an¬ 
gular  momentum  m  t;  r  for  tangential  component  of 
velocity  instead  of  linear  momentum  m  v.  That  is 
why  the  post-collision  tangential  velocities  are  cal¬ 
culated  by  usual  relations  [1],  with  the  value  of  m, 
being  replaced  by  the  product  m,  r,.  The  obtained 
velocities  Uj ,  t'j  provide  precise  conservation  of  an¬ 
gular  momentum,  but  the  post-collision  energy  of 
molecules  differs  from  the  pre-collision  one.  To  pro¬ 
vide  energy  conservation  the  correction  of  velocities 
and  u\  is  needed.  To  do  this  correction  the  anal¬ 
ysis  of  energy  defects  dE,-  =  m,  (r-*  -  v'^)  is  made. 
Three  possible  relations  between  energy  defects  rfE, 
and  velocities  tx*  are  as  follows. 

1.  If  mi  >  dEi  and  m2  >  dE^,  both  com¬ 
ponents  of  vectors  u‘  are  corrected  by  the  factor 
\/l  -  dEi! mill'-. 

2.  If  mi  uj*  -f  7712^2*  >  dE\  •+  dEn, 

the  correction  factor  for  components  of 
both  velocities  u"  is  the  same  and  equal  to 
\/\  -  [dE\  -f  dE2)l{m\M'{~  -t-  nnuj'). 

3.  If  none  of  the  above  conditions  is  sati.sfied.  the 
collision  is  considered  to  be  ’’bad”  and  is  not  per¬ 
formed,  i.  e.  the  molecules  conserve  their  pre¬ 
collision  velocities. 

The  computations  show  that  the  relative  number 
of  collisions  of  types  1  and  2  is  about  999f  and  1%, 
respectively.  The  relative  number  of  ’’bad”  colli¬ 
sions  never  exceeds  10"’',  so  the  effect  caused  by 
the  neglecting  of  these  collisions  is  small. 

The  described  algorithm  provides  precise  conser¬ 
vation  of  angular  momentum  and  energy.  All  the 
curves,  presented  in  Fig.l  transform  into  straight 
line  ///o  =  1,  if  this  algorithm  is  applied. 

The  proposed  algorithm  enables  to  obtain  the 
steady  solution  of  the  considered  problem.  This  so¬ 
lution  proves  to  be  the  same,  as  the  prediction  of 
Navier-Stokes  theory  and  has  the  following  features. 


1.  The  flow  is  isothermal. 

2.  The  gas  rotates  as  a  solid  body  {v  = 

3.  The  radial  distribution  of  density  is  described  by 
the  relation  7i(r)  =  n(0)  exp  (r^/2  ET). 

4.  The  solution  is  completely  determined  by  the 
values  of  no,  E,  I  and  does  not  depend  on  the  way 
of  initial  swirling. 

5.  The  solution  does  not  depend  either  on  the 
molecular  model  or  on  the  Knudsen  number. 

These  features  of  the  considered  flow  are  important 
for  understanding  the  nature  of  the  Ranque  effect 
[2,  3]. 

4  Conclusion 

The  proposed  algorithm  provides  precise  conserva¬ 
tion  of  angular  momentum  and  energy  and  may  be 
used  for  simulation  of  flows  with  rotation. 

It  should  be  noted,  however,  that  the  improvement 
of  the  results,  obtained  by  this  algorithm  may  be 
important  only  for  the  problems  without  external 
source  or  sink  of  angular  momentum.  If  solid  sur¬ 
face  with  diffuse  reflection  is  in  the  flowfield,  the 
changes  in  angular  momentum,  caused  by  this  sur¬ 
face  will  be  much  greater  than  those,  caused  by 
nonconservative  nature  of  traditional  algorithm  of 
collisional  process.  For  such  kind  of  flows  there  is 
no  need  to  use  the  proposed  algorithm,  especially 
taking  into  account  that  it  takes  10%  -  15%  more 
CPU  time. 

Nevertheless,  for  some  problems  the  application  of 
proposed  algorithm  is  advisable.  An  example  of 
such  kind  of  problem  is  the  Ranque  effect  [2],  which 
nature  is  determined  by  conservation  of  angular  mo¬ 
mentum  of  the  gas  flow  in  the  vortex  tube  [3]. 
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1  Introduction 

The  effect  of  separation  of  air  flow  into  hot  and 
cold  flows  in  a  vortex  tube  was  discovered  in  1933 
by  Ranque  [1]  and  has  been  the  subject  of  many 
studies.  In  spite  of  its  widely  use  for  cooling  apv- 
plications,  till  now  the  nature  of  the  effect  has  not 
been  completely  understood. 

In  this  paper  the  simulation  of  the  flow  in  the  vortex 
tube  is  made  in  order  to  study,  whether  the  Ranque 
effect  is  observed  in  rarefied  gas. 

2  Flow  in  the  Vortex  Tube 

The  length  of  studied  vortex  tube  was  10  times  its 
radius  rj.  The  radius  of  orifice  for  cold  flow,  that 
is  placed  on  the  left  end  of  the  tube,  was  chosen 
to  be  rc/r(  =  0.5.  On  the  right  end  of  the  tube 
the  ring-shaped  orifice  for  hot  flow,  formed  by  the 
tube  wall  and  the  disc  with  radius  r/,  is  placed.  The 
injection  of  molecules  into  the  tube  was  organized 
from  the  rotating  band  of  evaporating  surface  with 
saturation  pressure  po  and  temperature  To-  The 
band  of  width  of  S  was  placed  on  the  tube  wall,  the 
distance  from  the  left  end  of  the  tube  to  the  middle 
of  the  band  being  equal  to  ff.  The  linear  velocity 
of  rotation  of  band  is  v^.  The  full  absorbtion  of 
incident  molecules  on  the  band  surface  and  specular 
reflection  on  other  solid  surfaces  of  the  tube  were 
assumed.  The  gcis  outside  the  tube  was  assumed 
to  be  equilibrium  with  pressure  pe  and  temperature 
Te. 

The  flow  of  monoatomic  gas  in  the  tube  was  simu¬ 
lated  by  DSMC  method  with  angular  momentum 
conservative  algorithm  of  collisional  process  [2]. 
For  given  molecular  model,  geometry  of  the  tube 
and  temperature  ratio  To/Te  the  problem  contains 
three  governing  parameters:  the  Knudsen  number 
A'n,  defined  by  the  ratio  of  the  mean  free  path  in 
the  gas  outside  the  tube  to  the  radius  of  the  tube, 
the  speed  ratio  =  v^/\/2RTo  and  the  pressure 
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ratio  po/pe-  Most  simulations  were  performed  for 
To  =  Te,  Kn  =  0.2  and  5,^  =  1  for  VSS  molec¬ 
ular  model  for  Maxwell  molecules.  Uniform  grid 
containing  20  x  50  cells  was  used. 

The  fluxes  of  mass  (Af),  energy  (E)  and  angular 
momentum  (7)  on  three  control  surfaces  (band,  cold 
and  hot  outlet  orifices)  were  stored  during  the  sim¬ 
ulation.  The  inlet  and  outlet  fluxes  through  each 
control  surface  will  be  denoted  by  upper  symbol 
and  ~,  respectively,  while  lower  symbols  b,  c  and 
h  will  be  used  to  denote  the  corresponding  con¬ 
trol  surfaces.  On  the  steady  stage  the  condition 

+  M~  -I-  and  simi¬ 
lar  conditions  for  fluxes  E  and  1  should  be  satisfied. 
Let  us  denote  by  q  the  fraction  of  total  mass  flux 
that  is  issued  out  through  the  cold  outlet  orifice 
q  =  (M-  -  M+)/({M^  -  Affc"),  and  by  Ei  the 
mean  specific  energy  of  gas  flow  through  the  cor¬ 
responding  surface.  Since  the  mean  specific  en¬ 
ergy  of  molecules  injected  from  the  band  is  equl  to 
7?  To  (2  -I-  5j),  it  is  advisable  to  introduce  specific 
heat  capacity  Cp  —  R  (2  +  Sj)  and  transform  the 
values  of  E,  into  stagnation  temperatures  T)  using 
the  relation  T*  =  EijCp.  The  Ranque  effect  con¬ 
sists  of  the  inequality  Tc  <  Tb  <  fh- 
Fig.l  illustrates  the  streamline  picture  in  the  vor¬ 
tex  tube  flowfield  for  S/rt  =  0.1,  po/Pe  =  6  and 
Vh/rt  =  0.98,  the  value  of  q  at  these  conditions  be¬ 
ing  equal  to  0.62.  As  can  be  seen  from  this  picture, 
the  flow  is  of  complex  character  with  secondary  vor¬ 
tex  in  meridional  plane. 

The  results  for  cooling  effect  ATc  =  Tb  —Tc  depen¬ 
dence  on  cold  mass  flux  fraction  q  for  To  =  30077 
are  shown  in  Fig.2  by  symbols  for  three  values 
of  ratio  po/pe  and  S/rt  =  0.06.  The  results  for 
Po/Pe  —  oo,  corresponding  to  the  case  of  expan¬ 
sion  into  vacuum,  were  obtained  for  po/Pe  =  6  by 
neglecting  the  inlet  fluxes  through  cold  and  hot  ori¬ 
fices.  The  studied  range  of  q  corresponds  to  the 
range  of  0.9  -f- 1  for  r^/rt. 

The  shown  results  illustrate  that  the  Ranque  effect 
not  only  takes  place  in  rarefied  gas,  but  has  the  val¬ 
ues,  close  to  those  in  continuum  flow.  It  should  be 
noted,  that  traditional  collisional  procedure,  that 


109 


Numerical  Simulation  -  NS  P 


does  not  provide  conservation  of  angular  momen¬ 
tum  [2],  distorts  the  flowfield  in  the  vortex  tube  and 
reduces  the  cooling  effect  by  10  —  20  A'  for  middle 
values  of  q. 


■20  jiiiiiiiiij:iirniiijiiiiriTri|iiii!i7iTjTiiiiirr^ 

0  0.2  0.4  0.6  0.8  q  1.0 


Figure  2:  The  dependence  of  cooling  effect  on  the 
cold  mass  flux  fraction  q 


3  One-Dimensional  Model 

The  main  features  of  the  flowfield  in  the  vortex- 
tube,  obtained  by  the  simulation  are  small  gradients 
of  temperature  and  linear  dependence  of  tangential 
velocity  on  the  radius.  Based  on  these  results  and 
on  the  features  of  steady  swirling  flow  in  the  tube 
with  specular  wall  [2],  the  following  one-dimensional 
model  of  the  Ranque  effect  was  developed. 

The  radial  distribution  of  parameters  of  isothermal 
steady  flow  in  the  vortex  tube  is  determined  by 
three  values:  temperature  T,  density  on  the  axis 
n(0)  and  the  tangential  velocity  on  the  tube  wall 
Uu, .  The  radial  distributions  of  tangential  veloc¬ 
ity  and  the  density  are  described  by  the  relations 
V  =  ty.  r/i’t,  n(r)  =  n(0)  exp  (t;^/2  AT)  [2]. 

Based  on  these  distributions  and  on  tube  geome¬ 
try,  the  fluxes  M^~ ,  Ef~  and  may  be  deter¬ 
mined.  The  conservation  conditions  for  these  fluxes 


will  give  three  relations,  that  allow  one  to  find  the 
unknown  values  of  T,  n(0)  and  Uu.. 

The  results  for  cooling  effect  obtained  by  this  model 
are  shown  in  Fig. 2  by  solid  lines.  As  can  be  seen, 
these  results  are  in  good  agreement  with  the  DSMC 
ones.  Some  difference  is  observed  for  small  values 
of  9,  when  the  two-dimensional  effects  became  more 
important. 

4  Conclusion 

The  Ranque  effect  is  observed  in  rarefied  gas  and 
has  the  values,  close  to  those  in  continuum  flow. 
The  one-dimensional  model  of  the  Ranque  effect 
provides  good  description  of  the  results  of  numeri¬ 
cal  experiments.  Similar  model  for  continuum  flow 
may  be  used  for  optimizing  the  real  device. 

The  steady  flow  in  the  vortex  tube  is  formed  in  the 
way  providing  the  balance  between  inlet  and  outlet 
fluxes  of  mass,  energy  and  angular  momentum.  The 
latter  requirement  is  the  most  severe:  for  9  — >  1, 
when  the  cooling  effect  is  small,  the  mean  angular 
momentum  of  the  flow  in  the  tube  is  several  times 
more  than  the  injected  one  /{,.  This  circumstance 
gives  the  key  for  understanding  the  nature  of  the 
effect:  the  difference  in  stagnation  temperatures  % 
and  Th  is  mainly  determined  by  the  difference  in 
angular  momentum  of  corresponding  fluxes. 

References 

[1]  Ranque  G.J.,  Experiences  sur  la  Detente  Gi- 
ratoire  avec  Productions  Simultanees  d’un  En- 
chappement  d’Air  Chaud  et  d’un  Enchappe- 
ment  d’Air  Froid,  J.  Phys.  Radium,  4,  pp.  112 
-  114,  1933. 

[2]  Skovorodko  P.A.,  Angular  Momentum  Con¬ 
servative  Algorithm  of  Collisional  Process  in 
DSMC  Method,  Abstract  5217  submitted  to 
the  21st  International  Symposium  on  Rarefied 
Gas  Dynamics,  Marseille,  France,  July  26-31, 
1998. 


no 


Nxjmerical  Simulation  -  NS  P 
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Potentials  * 
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Conservative  Discrete  Ordinates  Method  (CDOM) 
previously  used  for  a  gas  of  hard  sphere  molecules 

[1]  is  applied  for  a  general  form  of  central-symmetric 
molecular  potential.  This  extension  of  the  method 
permits  more  adequate  modeling  of  flows  of  real 
gases. 

The  CDOM  requires  the  evaluation  of  ’’post¬ 
collision”  velocity  vectors  and  for  a  pair  of 
velocity  nodes  ^  and  entering  in  the  formulae  of 
numerical  evaluation  of  the  8-dimension  Q-integral 
which  projections  into  velocity  space  nodes  give 
conservative  estimates  of  Boltzmann  collision  in¬ 
tegrals.  For  hard  sphere  molecules  the  vectors 
and  ^5  are  evaluated  analytically,  bat  for  a  general 
case  the  solution  of  a  well-known  integral  equation 

[2]  which  determines  the  deflection  angle  for  given 
collision  parameters  is  needed.  Such  subroutine  is 
included  in  a  general  program.  Before  the  main 
computation  begins  it  precalculates  all  needed  for 
numerical  integration  velocity  vectors  (more  pre¬ 
cisely,  the  numbers  which  corresponds  to  these  vec¬ 
tors  in  arrays  of  the  distribution  function)  and  then 
the  computed  values  are  used  in  a  number  of  space 
nodes  and  at  different  iterative  steps.  Consequently, 
the  computational  time  don’t  exceeds  much  that  for 
hard  sphere  molecules. 

The  method  was  tested  on  a  problem  of  a  steady 
shock  wave  structure  in  a  mono  atomic  gas.  The 
following  molecular  potentials  were  used;  hard 
sphere  molecules;  inverse  power  potential  with  dif¬ 
ferent  exponent;  Lennard-Jones  (6,12)  potential; 
Shtockmeier  potential  <j>{r)  =  4£[(<T/r)*^  —  {cr/r)^  — 
<I(<r/r)^],  in  which  the  last  term  presents  the  effect 
of  interaction  of  polarized  molecules;  Coulomb  po¬ 
tential.  The  computations  for  Coulomb  potential 
were  made  under  the  assumption  of  binary  inter¬ 
actions  of  a  finite  range  [2].  For  all  considered 
potentials  convergent  solutions  of  Boltzmann  equa¬ 
tion  were  obtained  and  shock  wave  structure  plots 
compared.  Namely,  the  comparison  of  graphics  for 
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Lennard-Jones  and  Shtockmeier  potential  for  about 
the  same  parameters  s  and  tr  (  Argon  and  Water 
vapor  taken  at  different  temperature  were  consid¬ 
ered)  has  shown  the  influence  of  the  polarization 
force.  The  comparison  of  calculated  profiles  for  Ar¬ 
gon  with  experimental  data  [3]  has  shown  a  good 
agreement. 

The  constructed  module  of  collision  integral  evalu¬ 
ation  is  universal  and  can  be  used  for  solving  two- 
and  three-dimensional  problems  as  well. 
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1.  Introduction 

On  the  basis  of  the  approach  adopted  in  Direct 
Simulation  Methods  (Uie  splitting  scheme,  the 
ensemble  of  modeling  particles)  the  analysis  of 
possibility  of  calculations  of  inviscid  flows  using 
local-equilibrium  function  is  performed.  Using 
well-knowm  results  in  this  field  and  calculation 
algorithms  [1,2,3]  the  approximation  characteristics 
of  the  method  are  obtained 

2.  Algorithm  description 

The  main  features  of  the  method  are  following.  In 
accordance  with  |3|  the  particles  are  uniformly 
distributed  across  the  cell  at  each  time  step  before  the 
stage  of  transition,  the  ensemble  of  the  velocities  is 
simulated  according  to  [3,4]  as 

4,  =  V2/?7 In  a,  •  Sin  (2;raj ) , 

where  cc^,a2  are  uniformly  distributed  on  (0,1) 

random  values.  The  correction  of  the  velocities 
ensemble  is  performed  for  the  energ>  and  impulse 
conservation.  The  size  of  the  cells  is  chosen  in 
accordance  with  the  condition  of  small  changes  of 
macroparameters  across  the  size  of  the  cell,  that  is  as 
in  continuum  mechanics.  Boundary  conditions  arc  the 
mirror  reflection  of  the  particles  from  the  body  and 
the  conditions  on  the  outer  boundaries  are  as  in  RGD. 
The  analysis  of  the  approximation  features  shows  that 
the  algorithm  under  the  given  conditions  simulates 
inviscid  flows  with  the  first  order  of  accuracy  for  the 
time  and  space  variables.  The  time  of  calculations  by 
means  of  this  method  proves  to  be  less  than  that  in 
calculations  of  rarefied  gas  flows  because  the 
coordinates  and  velocities  of  the  particles  are  not 
stored,  but  they  are  calculated  at  each  time  step  If  it  is 
necessary  to  restrict  the  time  of  calculation,  weighting 
factors  are  used  [5]  so  that  the  level  of  statistics  is 


limited.  Inner  degrees  of  freedom  are  taken  into 
account  by  simple  distribution  of  mean  internal 
energy  of  particle  in  equilibrium  state. 

The  following  problems  were  taken  as  the 
calculated  examples; 

a)  the  piston  problem  (examination  of  validation  of 
the  Rankine  -  Gugoniot  conditions); 

b)  the  Riemann  problem  (standard  test  in  gas 
djiiamics,  practical  examination  of  monotony); 

c)  supersonic  flows  past  a  wedge  and  a  cone 
(examinations  of  the  attached  shock  waves 
positions); 

d)  supersonic  flows  past  wedge-  and  cone-shaped 
bodies  at  the  separated  shock  wave  regimes  [6] 
(sufficiently  complicated  problem  in  gas 
dynamics); 

e)  supersonic  flow  past  a  flat-nosed  body  (one  of  the 
typical  problems  that  are  used  in  spatial 
examinations  of  calculation  methods  [7]), 

f)  supersonic  flow  past  a  flat-nosed  body  with  heater 
in  the  flow  in  front  of  the  body  (the  test  for  the 
possibilities  of  the  method  and  examination  of  the 
decrease  of  c_,  for  blunt-nosed  bodies). 

The  features  of  the  numerical  data  obtained  will  be 
discussed  in  the  report.  Some  results  are  shown  on 
Fig.  1,2  (the  cone,  the  wedge  with  separated  shock 
wave). 

The  questions  of  the  statistical  fluctuations  influence 
on  the  results  (especially  in  unsteady  flows)  and  more 
thorough  consideration  of  inner  degrees  of  freedom 
are  to  be  examined  in  the  future. 
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3.  Conclusions 

The  method  discussed  proved  to  be  well  adapted  to 
flows  with  complicated  geometry;  there  is  an 
opporumity  to  use  triangle  cells  wtdch  was  made  in 
osculations  of  flows  past  sharp-nosed  bodies.  Also 
there  is  an  opportunity  to  take  into  account  chemical 
processes  [8]  and  various  physical  fields.  Besides  on 
the  basis  of  this  method  it  is  possible  to  build  finite- 
difference  schemes  for  gas  dynamics  both  the  first  and 
the  second  degree  of  accuracy  in  the  space,  which 
possess  monotony  and  compact  template,  that  will  be 
shown  in  the  second  report  (some  work  in  this  field  is 
discussed  in  [9]). 

This  work  is  supported  by  Russian  Fund  of 
Fundamental  Research  grant  96-15-96063. 
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Figmel.  Conic  supersonic  flow. 


Figure2.  Wedge  supersonic  flow 
with  separated  shock. 
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Monte-Carlo  Network  Machine 
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(aerodynamic  problems)* 
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Method  of  the  neural  networks  construction  based  on 
a  stochastic  neuron  design  and  trainee  on  problems  of 
direct  numerical  modeling  is  offered  in  work 

Main  idea  of  Monte-Carlo  network  machine 
construction  is  weight  factors  replacement  in  neuron 
gear  functions  and  selection  criterion  which  based  on 
analysis  of  entropy  signals  distribution  arriving  from 
acson  of  each  neuron  during  network  training.  The 
considering  machine  is  single-level  neural  network. 
Each  neuron  presents  elementary  perseptron.  The 
resulting  signal  from  acson  of  each  neuron 


participates  in  formation  total  output  flow  of  a 
training  network.  The  signals  gear  functions  factors  in 
each  of  synapses  are  determined  equiprobablly  in  a 
specified  interval  (as  a  rule  from  0  up  to  1). 

As  a  given  network  application  example  a  problem  of 
flow  modeling  around  end  face  c>'linder  by  a 
supersonic  flow  is  considered  Neural  network 
training  data  (input  data)  are  initials  parameters  of 
molecules  inleting  in  a  cylinder  zone  flow.  Output 
data  are,  accordingly,  distribution  of  pressure  on  a 
cylinder  surface. 
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Trained  network  should  predict  behavior  of  pressure  modeling  program  are  represented.  On  second  data 
distribution  on  a  cylinder  for  conditions  not  processing  through  neural  network  are  presented, 
participating  in  training.  Below  shown  two  Besides  it  on  second  histogram  we  can  to  see 
histograms.  First  is  distribution  of  pressure  to  a  extrapolation  of  distribution  for  Mach  numbers  not 
cylinder  surface  depending  on  Mach  number  of  acting  participating  in  training, 
flow.  This  data  received  by  the  direct  numerical 
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1  Introduction 

The  use  of  weighting  factors  is  an  integral  part 
of  the  Direct  Simulation  Monte  Carlo  (DSMC) 
method.*'^  The  primary  weighting  factor  used  in 
the  DSMC  method,  generally  termed  Fnum,  allows 
one  to  simulate  flows  with  a  representative  sample 
of  the  actual  number  of  real  molecules.  This  fea¬ 
ture  alone  allows  the  DSMC  method  to  be  applied 
to  most  rarefied  problems  of  interest.  Without  this 
feature,  the  applicability  of  the  method  would  be 
critically  lessened. 

Other  types  of  weighting  factors  can  also  be  em¬ 
ployed  in  the  DSMC  method.  One  weighting  factor, 
generally  termed  the  radial  weighting  factor,  can  be 
employed  to  aid  in  maintaining  a  uniform  distribu¬ 
tion  of  simulated  particles  in  axisymmetric  simula¬ 
tions.  However,  certain  studies*’®  have  illustrated 
possible  undesirable  effects  under  certain  conditions 
and  guidelines  have  been  established*  for  minimiz¬ 
ing  these  so-called  random  walk  effects. 

The  weighting  factors  of  interest  in  this  study  are 
the  species  weighting  factors  used  to  overcome  the 
large  statistical  fluctuations  associated  with  minor 
species  properties.  Many  problems  involving  com¬ 
bustion  exhaust,  optical  signatures,  spacecraft  con¬ 
tamination  and  many  others  can  be  driven  by  ef¬ 
fects  from  species  which  exist  in  orders  of  magnitude 
lower  amounts  than  the  other  species  A  few  exam¬ 
ples  of  these  types  of  problems  where  the  DSMC 
method  using  species  weighting  factor  models  have 
been  developed  and/or  employed  are  the  represen¬ 
tation  of  species  separation  in  rarefied  nozzle  back- 
flow  regions,^  optical  signatures  from  contaminants 
and  plumes,®  expansion  flows  involving  large  species 
concentration  variations,®  and  spacecraft  glow*  to 
name  a  few. 

Many  of  these  studies  use  species  weighting  factors, 
but  do  not  present  effects  of  the  species  weighting 
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factors  on  the  conservation  laws  during  collision  se¬ 
lection,  collision  energy  and  momentum  exchange, 
and  reactions.  Though  earlier  the  use  of  species 
weighting  factors  was  introduced  and  supported  by 
Bird,*  the  new  investigations  presented  in  his  latest 
book*  recommend  against  their  use.  More  recently, 
researchers  have  presented  studies  examining  the 
impact  of  species  weighting  factors  for  some  spe¬ 
cific  cases.®'®  Additionally,  a  conservative  weighting 
factor  scheme  has  been  proposed  by  Boyd®  which 
quantitatively  addressed  weighting  factors  and  how 
to  impliment  them  for  their  problem  of  interest. 

Most  of  the  species  weighting  factor  models  are 
based  on  the  same  basic  concept  which  allows  for 
energy  and  momentum  exchange  in  collisions  to  oc¬ 
cur  only  part  of  the  time.  The  probability  for  this 
exchange  is  the  ratio  of  the  weighting  factors  of  the 
two  colliding  species.  For  the  case  of  a  single  col¬ 
lision  in  which  the  energy  and  momentum  are  not 
exchanged,  conservation  of  momentum  and  energy 
are  not  conserved.  The  species  weighting  scheme 
proposed  by  Boyd®  adds  the  ability  to  monitor  this 
deviation  from  total  momentum  and  energy  con¬ 
servation  and  periodically  corrects  the  loss  in  each 
computational  cell.  Thus,  the  new  method  still  does 
not  conserve  momentum  and  energy  at  the  micro¬ 
scopic  levels,  but  only  conserves  them  on  average. 

The  goal  of  the  paper  is  to  quantitatively  study  the 
effects  of  several  different  species  weighting  factor 
models  for  a  variety  of  cases  in  an  attempt  to  quan¬ 
tify  at  least  one  aspect  of  the  problem.  That  is, 
the  conservation,  or  lack  there  of,  of  total  momen¬ 
tum  and  energy  in  the  system  as  a  function  of  the 
number  of  collisions  for  a  variety  of  weighting  factor 
ranges. 


2  Approach 

A  0-D  DSMC  code  will  be  employed  with  several 
different  weighting  factor  approaches  to  look  at 
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the  time  dependent  variation  in  total  energy  and 
momentum  of  an  isolated  system  as  functions  of 
weighting  factor  for  a  two  species  gas. 

For  this  problem,  the  exact  solution  for  a  method 
which  conserves  momentum  and  energy  explicitly 
at  the  microscopic  level  during  collisions  is  simple: 
Total  momentum  and  energy  of  the  system  will  re¬ 
main  constant.  Thus,  this  is  an  ideal  problem  to 
examine  the  effects  and  rates  of  any  conservation 
losses  due  to  non-conservative  methods. 

Since  it  is  during  intermolecular  collisions  between 
the  differently  weighted  species  that  conservation  is 
questioned,  any  conservation  losses  can  be  expected 
to  be  functions  of  the  collision  frequency  between 
the  different  species  and  of  the  ratio  of  the  differ¬ 
ent  species  weighting  factors.  For  those  methods 
that  do  not  conserve  momentum  and  energy,  the 
percent  loss  as  a  function  of  weighting  factor  and 
collision  frequency  will  be  determined.  For  those 
that  do  no  microscopically  conserve  momentum  and 
energy,  discussion  will  be  presented  to  address  the 
flow  times  required  for  conserving  on  average. 

The  above  study  addresses  only  the  conservation 
of  momentum  and  energy.  Since  reactions  are  not 
considered,  mass  is  explicitly  conserved.  However, 
for  subsequent  studies  involving  understanding  the 
effects  of  species  weighting  factors  during  the  reac¬ 
tion  process,  mass  conservation  effects  will  need  to 
be  addressed. 
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Abstract 

Mars  Global  Surveyor  (MGS)  is  the  first  plane¬ 
tary  mission  designed  to  use  aerobraking  as  a  pri¬ 
mary  means  of  customizing  its  orbit  in  order  to 
achieve  its  mission  objectives  [1],  The  aerobrak¬ 
ing  requirements  together  with  post-launch  anoma¬ 
lies  [2]  have  presented  a  unique  challenge  to  provide 
accurate  predictions  of  the  aerothermodynamic  en¬ 
vironment  of  the  spacecraft  in  the  rarefied  transi¬ 
tional  flow  regime.  A  variety  of  three-dimensional 
Direct  Simulation  Monte  Carlo  (DSMC)  and  free- 
molecular  techniques  have  been  used  to  satisfy  the 
prediction  requirements,  and  this  is  the  first  ma¬ 
jor  planetary  mission  in  which  rarefied-flow  predic¬ 
tions  have  played  such  a  critical  role  all  the  way 
through  the  design,  mission  planning,  and  oper¬ 
ational  phases.  The  purpose  of  this  paper  is  to 
discuss  these  requirements,  describe  the  particular 
three-dimensional  DSMC  and  free-molecular  tools 
used,  and  pre.sent  selected  results  from  the  compu¬ 
tational  studies. 

The  studies  performed  include  pre-launch  aerody¬ 
namic  and  heating  predictions  that  were  used  (1) 
in  the  design  of  the  solar  panel  arrays  which  arc 
the  principal  drag-producing  components,  (2)  in 
the  mission  planning  for  selecting  specific  aerobrak¬ 
ing  parameters,  e.g.,  altitude,  attitude  limits,  and 
panel  sweep  angles  and  (3)  to  investigate  specific 
issues  such  as  aerodynamic  interactions  caused  by 
reaction  control  jet  firings  [3].  Incomplete  deploy¬ 
ment  of  one  of  the  solar  arrays  shortly  after  launch 
produced  additional  analysis  requirements:  (1)  to 
devise  an  alternate  aerobraking  configuration  and 
confirm  its  aerodynamic  characteristics,  (2)  to  in¬ 
vestigate  specific  aerodynamic  heating  issues  aris¬ 
ing  for  this  modified  configuration,  and  (3)  to  re¬ 
define  the  aerodynamic  databases  needed  for  at¬ 
mospheric  density  reconstruction  from  on-board  ac- 
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celerometer  measurements.  Finally,  anomalous  de¬ 
flections  of  the  partially-deployed  solar  panel  that 
occurred  in  the  early  drag  passes  required  exten¬ 
sive  analyses  to  determine  the  aerodynamic  stabil¬ 
ity  of  alternate  configurations  that  might  reduce 
these  deflections[4]. 

The  analyses  were  carried  out  using  three- 
dimensional  DSMC  and  free-molecular  codes  that 
have  been  developed  in  recent  years  for  analyzing 
complex  geometries.  The  NASA  LaRC  3D  DSMC 
code  (denoted  DSMCl  herein)  uses  an  unstructured 
grid  where  each  computational  cell  is  composed  of 
one  or  more  elements  from  an  underlying  uniform 
Cartesian  mesh  which  may  be  made  finer  near  the 
body [5].  The  body  geometry  is  described  as  a  dis¬ 
crete  set  of  small  Cartesian  elements  but  the  code 
retains  information  on  local  surface  normals  from  a 
more  exact  geometry  definition  and  allows  the  in¬ 
clusion  of  a  body-fitted  grid  region  near  the  wall  to 
capture  Knudsen  layers.  The  DAC  (DSMC  Anal¬ 
ysis  Code)  code  (denoted  DSMC2  herein)  uses  a 
two- level  Cartesian  grid,  where  the  first  level  is  a 
uniform  structured  mesh  and  the  second  level  con¬ 
sists  of  a  locally  refined  Cartesian  mesh  within  each 
first-level  cell[6].  The  body  geometry  is  described 
as  an  unstructured  triangular  grid  which  clips  the 
local  Cartesian  grid.  Each  code  has  certain  unique 
advantages  but  both  codes  use  similar  DSMC  pro¬ 
cedures  and  physical  models  and  both  are  capa¬ 
ble  of  handling  the  complex  geometry  of  the  MGS 
spacecraft.  The  DSMC  codes  are  complemented  by 
several  3D  free-molecular  codes  each  of  which  uses 
analytical  free-molecular  analysis  and  line-of-sight 
shadow’ing  techniques  to  model  the  flow  about  com¬ 
plex  geometries. 

Analysis  of  MGS  aerodynamics  and  heating  was 
performed  primarily  using  DSMCl  in  the  design 
phase  and  in  the  early  post-launch,  pre-aerobraking 
phase[7],  while  DSMC2  was  used  primarily  in  the 
later  post-launch,  pre-aerobraking  phase  and  in  the 
early  operational  phase  of  aerobraking.  Calcula¬ 
tions  were  performed  for  a  variety  of  solar  panel  po- 
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sitions  and  spacecraft  attitudes  and  for  atmospheric 
densities  ranging  from  free-molecular  to  transitional 
flow  (Knudsen  numbers  less  than  0.1).  A  typical  ge¬ 
ometry  model  used  in  computations  with  DSMCl  is 
shown  in  Fig.  1.  This  model  was  constructed  from 
a  highly  detailed  thermal  analysis  model  and  con¬ 
tains  considerable  details  of  the  spacecraft  bus  as¬ 
sembly.  A  somewhat  simplified  model  (not  shown) 
was  used  by  DSMC2.  The  simplified  model  has  a 
similar  definition  of  the  solar  panels  but  a  simpler 
description  of  the  spacecraft  bus  constructed  from  a 
free-molecular  geometry  model  used  for  much  of  the 
mission  analysis.  Results  obtained  with  each  model 
and  code  demonstrate  that  both  approaches  give 
quite  similar  aerodynamic  predictions  in  the  free- 
molecular  and  transitional  flow  regimes.  A  sample 
comparison  of  drag  coefficients  computed  for  vari¬ 
ous  geometry  models  is  shown  in  Fig.  2  as  a  func¬ 
tion  of  atmospheric  density.  The  final  paper  will 
include  selected  results  that  illustrate  the  compu¬ 
tational  capabilities  in  providing  the  needed  pre¬ 
dictions,  comparisons  of  the  aerodynamic  predic¬ 
tions  between  the  various  DSMC  and  free-molecular 
codes,  and  results  that  demonstrate  the  significant 
transitional  flow  effects  on  both  the  heating  and 
aerodynamic  behavior  of  MGS.  Emphasis  will  be 
given  to  more  recent  results  that  address  specific 
post-launch  rarefied  aerothermodynamic  issues. 
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Figure  1:  Detailed  Pre-Launch  MGS  Geometry 
Model.  (Actual  surface  resolution  used  was  higher 
for  some  elements.  Resolution  reduced  for  illustra¬ 
tion  purposes  only.) 


Figure  2:  Comparison  of  Drag  Predictions  for  Var¬ 
ious  Geometry  Models  and  DSMC  Codes. 
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As  the  characteristic  length  of  gas  macroparameters 
change  turns  out  to  be  comparable  with  the  mean 
free  path  of  molecules  then  the  simplified  hydro- 
dynamic  gas  model  fails  and  more  accurate  kinetic 
approach  have  to  be  used. 

The  practical  aspects  of  conformation  of  kinetic  re¬ 
sults  with  main  hydrodynamic  solutions  arise  when 
investigating  rarefied  flow  near  solid  surface  and  gas 
effusion  into  vacuum,  shock  wave  structure  studies 
and  other  applications  of  gas  dynamics. 

Optimising  calculations  of  greatly  nonhomogeneous 
internal  flows  are  more  difficult.  In  the  present  pa¬ 
per  the  gas  flow  in  fast  rotating  cylinder  for  isotope 
volatile  compounds  mixture  separation  is  described. 
It  is  known  that  separation  effect  increases  in  the 
field  of  countercurrent  which  is  slow  circular  vis¬ 
cous  flow  relative  to  fast  rotating  cylinder  walls  at 
the  condition  of  great  radial  density  gradient.  The 
Knudsen  number  Kn=  A/a  (A  is  the  local  mean 
free  path  of  gas  molecules,  a  is  the  cylinder  radius) 
changes  from  Kn»l  at  the  cylinder  axis,  where  gas 
inlet  is  usually  located,  to  Kn<l  in  the  continual 
flow  region  near  cylinder  side  wall.  Light  compo¬ 
nent  outlet  is  usually  located  in  the  intermediate 
region  Kn~l. 

Those  are  the  peculiarities  of  the  system  under  con¬ 
sideration  that  the  diffusion  process  takes  place  in 
fast  rotating  mixture,  the  main  dense  flow  inside  is 
bounded  by  the  rarefied  gas,  there  is  a  transition 
of  mass,  momentum  and  energy  through  this  con¬ 
ditional  boundary,  and  the  distribution  function  in 
molecules  co-ordinates  and  velocities  can  essentially 
nonequilibrium  in  the  intermediate  region.  On  one 
hand,  to  calculate  the  flow  in  both  rarefied  and 
intermediate  regions  at  a  given  input  distribution 
function  the  Monte-Carlo  direct  simulation  method 
is  used.  On  the  other  hand,  the  quantitative  de¬ 
scription  of  steady  viscous  compressible  flow  is  car¬ 
ried  out  by  means  of  Navier-Stokes  equations  nu¬ 
merical  solution  at  given  conditions  on  the  dense 
region  boundaries. 

However,  though  one  can  use  the  standard  condi- 
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tions  of  nonpermeability  and  sticking  on  tfie  cylin¬ 
der  solid  walls,  but  correct  flow  parameters  on  the 
inside  continuum  boundary  at  r  =  (Kn(r,)  ~ 

0.01)  can  be  determined  from  the  kinetic  solution 
only. 

The  following  iterative  procedure  can  be  used  to 
conform  the  solutions  for  rarefied  and  dense  regions 
on  the  boundary  r  =  .  As  a  first  approximation 

/f*)(v,r)  to  exact  distribution  function  /(v,r)  in 
rarefied  region  one  can  use  MODS  solution  taking 
into  account  the  molecules  effused  from  specified 
axial  feed  inlet,  but  not  those  from  unknown  con¬ 
tinuum  boundary.  Then  the  mass,  momentum  and 
energy  rarefied  flow  densities  obtained  from  kinetic 
calculation  are  enough  to  determine  the  boundary 
conditions  first  approximation  for  hydrodynamic 
problem.  It  latter  can  be  numerically  solved  and 
now  the  local  equilibrium  distribution  function  for 
molecules  effused  from  continuum  boundary  can  by 
specified.  The  kinetic  problem  solution  taking  into 
account  the  collisions  with  those  molecules  gives  the 
second  approximation  /^^Hv.r)  for  rarefied  distri¬ 
bution  function.  The  latter  gives  an  opportunity  to 
specify  the  boundary  conditions  for  hydrodynamic 
problem  again  and  so  on.  This  procedure  results  in 
the  accurately  conformed  flow  field  inside  the  cylin¬ 
der. 

Besides,  the  kinetic  consideration  allows  to  find  fic¬ 
titious  conditions  for  macroparameters  on  the  sur¬ 
face  r  =  r*  <  Ti  deep  in  the  intermediate  region 
(Kn>  1)  providing  good  Navier-Stokes  approxima¬ 
tion  in  the  dense  region  r  >  fj.  The  difference 
between  accurate  and  approximate  solutions  rep¬ 
resents  the  local  error  of  hydrodynamic  gas  model. 
This  relative  error  in  macroparameters  was  shown 
to  be  very  small  in  dense  region,  but  it  increases 
to  the  value  of  Kn>  1  in  the  intermediate  region 
r*  <  r  <  Tj .  Therefore  to  obtain  very  close  approx¬ 
imation  to  the  accurate  flow  field  in  cylinder  dense 
region  r  >  r*,  the  Navier-Stokes  equations  can  be 
solved  in  extended  region  r  >  r,*.  Due  to  constric¬ 
tion  of  kinetic  region  the  time  taken  for  conformed 
calculation  in  this  case  decreases. 
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Introduction 

The  Direct  Simulation  Monte-Carlo  (DSMC) 
methodology  of  Bird  [1]  is  a  well  established  tech¬ 
nique  for  the  modeling  of  low  density  fluid  flows. 
While  many  have  contributed  to  the  development 
of  DSMC  implementations  with  the  ability  to  simu¬ 
late  three-dimensional  problems,  there  now  exists  a 
need  for  enhanced  capabilities.  This  is  driven  by  the 
desire  to  handle  a  wide  variety  of  applications  in  a 
consistent  manner,  and  the  ever  present  challenge  to 
reduce  the  time-to-solution  for  a  given  problem.  To 
address  these  issues,  a  development  initiative  was 
undertaken  within  the  NASA  DSMC  community. 
The  product  of  that  effort  was  the  DAC  Series  of 
DSMC  software,  which  first  appeared  in  Ref.  [2]. 

Through  an  integrated  implementation  of  successful 
schemes  found  in  previous  DSMC  codes,  combined 
with  additional  innovative  strategies,  it  is  felt  that 
this  new  software  successfully  addresses  the  devel¬ 
opment  objectives.  Most  notable  of  DAC’s  features 
are  the  decoupling  of  the  surface  and  flow  field  dis¬ 
cretizations  and  the  ability  to  harness  the  scalable 
power  of  parallel  computing.  The  decoupling  of  the 
two  grid  systems  allows  the  software  to  deal  w'ith 
the  creation  of  an  appropriately  discretized  flow 
field  grid.  The  user  is  provided  the  simpler  task 
of  generating  the  surface  representation,  which  is 
facilitated  through  the  use  of  well  established  grid 
generation  software. 

Confidence  in  the  implementation  of  the  DAC  soft¬ 
ware  has  been  gained  through  comparisons  to  other 
well  established  DSMC  codes  [3]  and  applicable 
flight  data  [4].  In  this  paper,  the  capabilities  of 
D.4C  are  demonstrated  by  spotlighting  the  vari¬ 
ety  of  problems  for  which  it  has  been  utilized. 
A  condensed  list  of  examples  would  include  the 
plume  flow  field  and  plume  impingement  issues  as 
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described  in  Ref.  [5],  to  which  refined  solutions 
have  been  produced  and  shown  in  Figs.  I  and  2. 
There  have  also  been  a  number  of  studies  performed 
[6,  7,  8]  where  the  DAC  software  has  been  used  in 
the  analysis  of  atmospheric  re-entry  simulations.  A 
notable  example  is  work  that  was  done  on  the  Mars 
Global  Surveyor  vehicle,  shown  in  Fig.  3.  The  soft¬ 
ware  has  also  been  used  to  investigate  the  high  al¬ 
titude  aerodynamic  characteristics  of  NASA’s  X-38 
vehicle  (Fig.  4).  Worth  noting  is  that  each  of  these 
applications  can  be  executed  utilizing  the  scalable 
parallelism  of  the  DAC  software,  which  is  illustrated 
in  Fig.  5. 


Number 

Density 


IS.0E-f20 
2.5E-I.20 
1.3E+20 
6.3E+19 
3.2E+19 
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1.0E+18 
5.0E+17 


Figure  I:  Dual  Jet  PRCS  Interaction 
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Inflow  Boundary 
For  DTU  Engines 


Inflow  Boundary 
For  F3U  Engine 
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Figure  2:  Norm-Z  PRCS  Impingement  on  Mir 


Figure  3;  Mars  Global  Surveyor 
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Figure  4:  NASA  X-38  Crew  Return  Vehicle 


Figure  5:  Representative  Scalability  of  DAC  DSMC 
Software  on  Cray  T3E 
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Numerical  Simulation  of  Shock  Waves  Propagation  in  Shock 
Tube  and  Supersonic  Nozzle  Flows  * 


A.  Hadjadj,  D.  Vandromme 
LMFN,  CORIA,  CNRS 
St  Etienne  du  Rouvray,  France 


The  aerothermodynamics  phenomena  in  shock  tube 
and  nozzle  flows  transients,  like  in  start-up  or 
shut-down  processes  are  a  challenging  problem  in 
aerospace  application.  Indeed,  during  the  engine 
start-up  or  shut-down  phases  of  space  vehicles  at 
low  altitude  flight,  asymmetric  lateral  loads  may 
occur  on  the  diverging  part  of  the  nozzle  struc¬ 
ture.  These  strains  are  prejudicial  to  the  mechani¬ 
cal  behaviour  of  the  nozzle  and  can  possibly  cause 
damages.  According  to  different  numerical  and  ex¬ 
perimental  investigations  [1],  [2],  [4],  [6],  [7],  [8], 
the  shock  propagation  induced  boundary  layer  sep¬ 
aration  is  the  principal  cause  of  this  phenomenon. 
Indeed,  the  overexpanded  character  of  the  nozzle 
exhaust  flow  leads  to  an  unsteady  flow  separation; 
shock  waves  and  vortex  rings  occur  in  the  diverging 
part  of  the  nozzle  and  their  interactions  with  the 
boundary  layer  give  rise  to  the  flow  separation. 
During  the  last  thirty  years  experimental  set-ups 
combining  a  shock  tube  and  a  nozzle  block  have 
been  widely  used  to  simulate  gasdynamics  and 
chemical  relaxation  processes  occurring  in  super¬ 
sonic  flows.  Shock  tube  applications  use  the  re¬ 
gion  between  the  reflected  shock  and  the  end  wall 
because,  ideally,  this  is  a  region  of  uniform  flow. 
In  practice,  when  a  reflected  shock  interacts  with 
the  boundary  layer,  in  certain  case,  the  shock  bifur¬ 
cates  near  the  wall  and  the  properties  of  the  gas  are 
no  longer  guaranteed  to  be  uniform  in  this  region 
[7],  [8].  Nevertheless,  the  shock  wave  propagation 
mechanism  is  quite  complex  and  not  yet  clearly  un¬ 
derstood.  Indeed,  much  of  the  prediction  theories  of 
shock  wave/vortex  and  shock  wave/boundary  layer 
interactions  rely  largely  on  experimental  data  and 
fundamental  knowledge  of  the  transient  flow  physic 
is  still  needed. 

The  aim  of  this  study  is  to  understand  the  mecha¬ 
nisms  of  the  unsteady  flow  separation  phenomenon 
in  shock  tubes  and  supersonic  exhaust  nozzles. 
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The  flow  field  is  studied  numerically  by  solving  un¬ 
steady  axisymmetric  and  two-dimensional  Navier- 
Stokes  equations  for  turbulent  compressible  flows 
[4].  The  equations  are  solved  by  an  explicit 
time-dependent  finite  volume  technique  on  a  struc¬ 
tured  mesh  including  robust  shock  capturing  (TVD 
scheme  with  flux-splitting  formulation). 


(1)  :  Incident  shock 

(2)  :  Contact  discontinuity 

(3)  :  Recompression  shock 

(4)  :  Expansion  fan 

(5)  :  Reflected  shock 

The  Vulcain  nozzle  has  been  used  as  model  and 
impulsive  start-up  processes  have  been  analyzed, 
in  which  two  quiescent  gases,  in  the  nozzle  with 
temperature  T  =  300 /f,  and  in  the  shock  tube  a 


123 


Numerical  Simulation  -  NS  P 


temperature  Tc  =  3000  A',  are  separated  by  a  di¬ 
aphragm  located  at  the  inlet  section  of  the  noz¬ 
zle.  The  flow  transient  starts  as  the  diaphragm  is 
removed.  The  discontinuity  of  the  fluid  dynamic 
values  yields  an  expansion  fan,  that  is  assumed  to 
occur  downstream  the  throat  section,  two  strong 
shocks  (incident  and  recompression),  which  move 
fast  towards  the  exit,  and  a  contact  discontinuity, 
due  to  the  different  entropy  level  between  the  gas 
in  the  chamber  and  in  the  nozzle,  which  follows  the 
incident  shock  (see  figures  1  and  2). 


Figure  2:  Development  of  vortex  structures  down¬ 
stream  of  the  recompression  shock  in  unsteady  noz¬ 
zle  flow  (impulsive  start-up  process).  Temperature 
field  visualization,  (min=300  K,  maT=1000  K) 

Figure  2  shows  a  flow  field  picture  of  the  unsteady 
nozzle  jet  at  an  instant  50  ms  after  the  start  of  the 
incident  shock.  We  notice  that  the  start-up  pro¬ 
cess  occurring  in  a  supersonic  nozzle  is  character¬ 
ized  by  the  formation  of  shock  waves  and  vortex 
rings.  A  shock  wave  structure  develops  within  the 
nozzle  with  a  starting  shock  ahead  of  the  outflowing 
gas. 

Particular  attention  has  been  devoted  to  under¬ 
stand  the  influence  of  different  parameters  such  as 
pressure  and  temperature  ratios,  on  the  transient 
evolution  and  the  relevant  flow  structures  (vortex 
ring,  reflected  shock,  recompression  shock...).  The 
obtained  results  will  be  presented  in  more  detail  in 
the  full-length  paper. 


tional  Symposium  on  Shock  Tubes  and  Waves, 
1979. 

[3]  Golub  V.V.,  Development  of  shock  wave  and 
vortex  structures  in  unsteady  jets,  Shock  Waves 
(1994)  3:279-285. 

[4]  Hadjadj  A.,  Analyse  physique  et  simulation 
numirique  des  icoulements  compressibles,  ap¬ 
plication  auT  tuyeres  de  propulseurs,  These  de 
Doctoral,  Universite  de  Rouen,  1997. 

[5]  Hadjadj  A.,  Kudryavtsev  A.N.,  Ivanov  M.S., 
Vandromme  D.,  Numerical  investigation  of 
hysteresis  effect  and  slip  surface  instability  in 
the  steady  Mach  reflection,  21st  International 
Symposium  on  Shock  Waves,  Queensland  - 
Australia,  July  20-25,  1997 

[6]  Nasuti,  F.,  Onofri,  M.,  Transient  flow  analy¬ 
sis  of  nozzle  start-up  by  a  shock  fitting  tech¬ 
nique,  in  Proceedings  of  Unsteady  Flows  in 
Aeropropulsion  (Ed.  Wing  Ng  et  al.),  ASME 
-AD,  Vol.  40,  1994. 

[7]  Taylor  J.R.,  Hornung  H.G.,  Real  gas  and 
roughness  effects  on  the  bifurcation  of  the  shock 
reflected  from  the  end  wall  of  a  tube,  in  Pro¬ 
ceedings  of  the  13th  International  Symposium 
on  Shock  Tubes  and  Waves,  edited  by  C.  E. 
Treanor  and  J.  G.  Hall  (State  University  of 
New  York  Press,  Albany,  NY  1981),  p.  262. 

[8]  Weber  Y.S.,  Oran  E.S.,  Boris  J.P.,  Anderson  J. 
D.,  The  numerical  simulation  of  shock  bifurca¬ 
tion  near  the  end  wall  of  a  shock  tube,  Phys. 
Fluids  7(10),  October  1995. 


References 

[1]  Chen  C.L.,  Chakravarthy,  S.R.,  Hung,  C.M., 
Numerical  investigation  of  separated  nozzle 
flow,  AIAA  Journal,  Vol.  32,  No.  9,  1994 

[2]  Glass  1.1. ,  Shiun  Liu  W^,  Takayama  K., 
Brimelow  P.L,  Interactions  of  shock  structure 
with  shock-induced  quasi-steady  laminar  side- 
wall  and  flat-plate  boundary-layer  flows  in  ion¬ 
izing  argon,  in  Proceedings  of  the  12th  Interna- 


124 


Numerical  Simulation  -  NS  P 


Numerical  Algorithms  for  the  Homogeneous 
Fokker-Planck-Landau  Equation  * 

M.  Lemou 

Lab.  Mathematiques  pour  I’lndustrie  et  la  Physique. 

UMR  5640  du  CNRS,  Universite  Paul  Sabatier,  UFR  MIG,  Toulouse.  France 


1  Introduction 

The  Fokker-Planck-Landau  (FPL)  equation  is  used 
to  describe  the  binary  collisions  between  charged 
particles,  for  which  the  interaction  potential  is  the 
long-range  Coulomb  interaction.  If  f{t,  v)  is  the  dis¬ 
tribution  function  of  particles  (assumed  to  be  sap- 
tially  homogeneous),  then  the  homogeneous  FPL 
equation  is 

^  =  Q(/,/)  =  V,.  /  $(u-t<') 

Ot 

{f{v')'7f{v)-fiv)Vf{v'))dv'  (1.1) 


properties  (conservation  and  entropy).  We  first 
analyse  the  case  of  three  dimensional  velocity  speice 
and  show  how  the  use  of  fast  algorithms  (namely 
the  Fast  Multipole  Method)  improves  the  compu¬ 
tational  complexity,  preserving  simultaneously  the 
above  properties.  The  second  numerical  analysis 
deals  with  the  expression  of  the  FPL  operator  in 
a  cylindrical  geometry  (in  the  velocity  space).  Ad¬ 
ditional  problems  arise  in  this  geometry  (weak  for¬ 
mulation,  discretization  near  the  axis,  conservation 
and  entropy,  etc.)  and  a  numerical  discretization 
satisfying  all  the  above  physical  properties  is  pre¬ 
sented. 


Q(f,  f)  is  the  FPL  collision  operator.  $(v)  is  the 
3x3  matrix 

<I>(u)  =  lv|''"''^S(u)  =  -  v  ®  v)  (1.2) 

5(d)  is  the  orthogonal  projector  onto  the  plane  or¬ 
thogonal  to  V  and  7  >  —5.  The  FPL  operator  can 
be  written  in  a  weak  formulation  as  follows 


/  Q{f,f)(v)4>{v)dv 

/R3 

=  -111 

^  J 

$(d  -  d')  (V(log/)(D)  -  V(log/)(D'))  dvdv\l.S) 


for  any  smooth  test  function  xp.  From  this  duality 
relation,  we  check  (at  least  formally)  that  the  only 
functions  rp  such  that  for  all  /,  f  Q{f,  f)ipdv  =  0, 
are  linear  combinations  of  1,  d  and  |dP  (conser¬ 
vation  of  mass,  momentum  and  energy).  Further¬ 
more,  letting  xp  =  log(/)  in  1.3  leads  to  the  entropy 
inequality  (H-theorem).  Here  we  are  concerned 
with  numerical  discretizations  of  the  homogeneous 
FPL  equation  that  respects  discrete  analoguous 
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2  Fast  algorithms  in  three  di¬ 
mensions 

Let  us  consider  a  regular  discretization  of  v,-  = 
iAv,  i  =  (d,  i^,  j®)  €  and  denote  by  fi  an  ap¬ 
proximation  of  f(vi).  Let  D  be  a  finite-difference 
operator  that  approximates  the  usual  gradient  op¬ 
erator  V  at  least  up  to  the  first  order,  and  let  D* 
be  its  formal  adjoint,  we  recall  that  a  basic  con¬ 
servative  and  entropy  discretization  is  given  by  the 
following  weak-form  [1]: 

E  <?(/■  =  -l  E  f'fi 

$(d,  -  Vj)  ((£>(log  /)),•  -  (£>(log  /)),)  (2.4) 

where  Q(f,  f)i  approximates  Q{f,  f){vi)  and  ^  is 
a  test  sequence.  Scheme  (2.4)  (with  a  suitable 
choice  of  D)  satisfies  all  the  above  physical  prop¬ 
erties  of  conservation  and  entropy  (at  the  discrete 
level).  Unfortunately,  direct  numerical  evaluations 
of  the  discrete  FPL  operator  via  the  weak  formula¬ 
tion  (2.4)  are  very  expensive  (of  the  order  where 
N  is  the  total  number  of  points  in  the  velocity  grid). 

This  will  be  prohibitive  when  one  wants  to  solve 
the  inhomogeneous  case  (with  the  transport  term). 
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Thus,  the  use  of  fast  algorithms  is  necessary.  We 
first  use  a  multigrid  hierarchy: 

We  split  the  domain  of  integration  Co  (assumed  to 
be  a  cube  of  length  1)  in  several  parts  according  to 
the  following  hierarchy:  At  Level  one,  we  split  Co 
into  8  equal  cubes  (called  its  children)  Cj  (i  =  1..8) 
and  Co  is  called  their  father.  At  Level  two,  we  split 
each  C{  into  8  equal  cubes  (its  children),  and  obtain 
64  cubes  etc.  The  center  of  a  cube  C^  (of  level  k) 
is  denoted  by  r^.  We  iterate  this  process  until  the 
finest  mesh  level  ng.  Let  C^  and  be  two  cubes  of 
level  k.  We  say  that  Cj^  and  Cl  are  well-separated  if 
they  are  separated  at  least  by  one  cube  of  the  same 
level,  else  we  say  that  they  are  neighbors.  W’e  also 
define  and  denote  by  Int{Cl)  the  interaction  list  of 
a  given  cube  Cj^  of  level  k,  as  the  set  of  cubes  Cl 
of  the  same  level  k,  which  are  well-separated,  and 
whose  fathers  are  neighbors.  Thus  following  this 
process,  the  weak  formulation  may  be  written  as 


/  Q(fj){v)^{v)dv  = 

f  I  /(^)/(i'')(vV’(t')-VvV)) 

J  JcixCi 


{CD 
T 


<t>[v  -  v')  (V(\ogf)(v)  -  V(log/)(t;'))dt;dt.''  (2.5) 


Two  approaches  have  been  performed  to  discretize 
this  formulation: 


•  Monte  Carlo  integration  [2]:  It  consists 
in  approximating  the  integrals  on  Q  x  Cl 
by  a  Monte  Carlo  quadrature  formula.  This 
method  leads  to  a  total  complexity  of  the  or¬ 
der  N  log  N. 

•  Multipole  expansion  [3]:  The  main  observa¬ 

tion  is  that  the  velocities  v  and  v' ,  in  (2.5),  are 
only  coupled  through  the  factor  |i’  —  v'j'’'  com¬ 
ing  from  the  expre.ssion  of  the  matrix  <I'(r  — v'), 
otherwise  the  two  variables  would  be  uncou¬ 
pled  and  the  complexity  would  simply  be  of  the 
order  N .  To  uncouple  v  and  v',  we  replace  the 
terms  |i>  —  r'l"''  under  the  integrals  on  Cl  x  Cl 
by  their  expansions  around  |r]^  —  This 

is  valid  because  the  cubes  Cl  and  Cl  are  well 
separated.  The  order  of  these  expansions  gov¬ 
ern  the  total  error  of  the  approximation.  This 
startegy  leads  to  a  complexity  of  the  order  N. 


3  Axisymmetric  case 

In  this  section  we  suppose  that  the  distribution 
function  /  presents  a  cylindrical  symmetry,  i.e  de¬ 
pends  only  on  two  variables  U||  €  and  vx  €  + 


(we  say  also  that  /  is  axisymmetric),  and  we  es¬ 
tablish  a  simplified  expression  of  the  FPL  opera¬ 
tor  in  this  geometry.  If  we  set  V  =  (t)||,t;x)  and 

V  —  (r||,r[L),  then  we  prove  that  there  is  still  a 
weak  formulation  similar  to  (1.3)  according  to 

/  Q{fJ){vmv)v^dv  =  -\  f  f 

^(RxR+)> 

f(V)f{V')\  d^tl>(V)  fi(U,V') 

V  5xV’(V^')  / 

/  5,|(ln/)(U)-fl||(ln/)(U')  \ 

dx{\nf){V)  \vxv'xdVdV'  (3.6) 

V  dx{\nf){V')  j 

for  any  smooth  test  function  ip.  n(U,  V)  is  a  3  x  3 
positive  semi-definite  matrix.  Its  nullspace  is  the 
one  dimensional  space  spanned  by  (t;||  —  t)j|,iix,Vx) 
(when  this  vector  is  not  0).  Using  this  weak  formu¬ 
lation,  we  check  that  the  only  functions  ip  for  which 
/RxR+^(/>/)('')V’(U)t;x«fU  =  0  for  all  /  are  lin¬ 
ear  combinations  of  l,V||,rj|  -t-  v^. 

Because  of  the  axis  and  in  order  to  preserve  all  the 
above  properties  at  the  discrete  level,  we  first  per¬ 
form  a  symmctrization  of  the  continous  formulation 
with  respect  to  the  axis  (vx  =0).  To  do  so,  the 
functions  /  and  ip  are  extended  to  x  to  even 
functions  with  respect  to  vx,  and  the  matrix  fl  is 
suitably  modified  so  as  the  weak  formulation  re¬ 
mains  valid  when  the  integration  is  taken  on  x 
instead  of  x  The  discretization  of  the  new 
obtained  formulation  leads  to  a  completely  conser¬ 
vative  and  entropy  scheme. 
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Classical  theory  of  the  nucleation  kinetics 
considers  the  phase  transition  at  isothermal 
approximation  when  the  temperatures  of  new  phase 
cluster  and  vapor-gas  mixture  are  the  same.  Recently 
some  works  have  been  done  in  order  investigate  non- 
isothermal  nucleation  kinetics  [1,2,3].  The 
temperatiue  difference  arises  as  the  result  of  release  of 
the  latent  heat  of  phase  transition.  The  discrepancy  of 
theoretical  predictions  of  the  nucleation  rate  and 
experimental  results  is  about  1-3  order  of  value.  In 
order  to  overcome  this  discrepancy  it’s  necessary  to 
increase  the  accuracy  as  experimental  investigations 
as  the  theoretical  ones.  The  most  promising  way  for 
theory  is  to  use  more  detailed  description  of  new 
phase  cluster. 

The  new  kinetic  equation  for  the  distribution 
function  f(g,  E)  was  derived,  where  g  is  the  number  of 
molecules  (cluster  size)  and  E  is  the  cluster  energy. 
For  derivation  this  new  kinetic  equation  for  cluster 
distribution  function  the  methods  of  non-equilibrium 
statistical  thermodynamics  have  been  used  [4].  This 
kinetic  equation  is  two-dimensional  Fokker-Plank 
equation.  All  kinetic  coefficients,  obtained  as  Green- 
Kubo  formulas,  are  calculated  at  the  free  molecular 
approximation. 

The  results  of  theoretical  and  numerical 
investigation  of  the  two-dimensional  kinetic  equation 
are  presented.  The  boundary  conditions  are  the 
generalization  of  the  standard  for  nucleation  kinetics 
boundary  conditions.  Galerkin’s  method  is  used  for 
numerical  investigation.  The  Zeldovich’  s  solution 
was  used  as  basic  function  for  approximation  of 
distribution  function.  The  limits  of  isothermal 
nucleation  kinetics  is  discussed  versus  carrier  gas 
concentration,  value  of  latent  heat  and  specific  heat 
capacity. 

For  big  concentration  of  carrier  gas  the  tail  of 
energy  transfer  processes  manifest  itself  as  fluctuation 
of  nucleation  rate.  The  calculation  of  fluctuation 
nucleation  rate  is  presented  [5].  Its  shown  that  the 


renormalisation  effect  of  a  nucleation  rate  arises.  The 

observable  nucleation  rate  <I>  can  written  as 

<I>=I,(l-2/g-^) 

where  I,  is  Zeldovich  nucleation  rate  and  g*  is  the 

number  of  molecules  at  critical  cluster. 
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Ion-induced  nucleation  of  supersaturated  vapors,  as 
mechanism  for  new  particle  formation  in  plasmas  and 
interstellar  space,  remains  poorly  understood 
phenomena.  The  use  of  resonance  multi-photon 
ionization  in  a  difhision  cloud  chamber  (DCC) 
provides  the  opportunity  to  investigate  nucleation  of 
supersaturated  vapors  on  well  defined  ions  [I].  In 
particular,  positive  ions  of  benzene,  styrene  p-xyiene 
and  toluene  have  been  generated.  The  ion  -induced 
nucleation  of  methanol  and  nonane  vapor  on  these 
ions  has  been  investigated.  It  was  shown  that  there  are 
two  fast  and  two  slow  processes  which  are  important 
for  understanding  our  experiments;  correspondingly, 
laser  ionization  (characteristic  time  -lO"*  s  )  and 
nucleation  (characteristic  time  ~10'*  s  )  from  one  side 
and  ion  motion  (characteristic  time  ~10'^  s  )  and 
droplet  growth  and  motion  (characteristic  time  ~10  ’ 
s)  [2]. 

The  nucleation  rate  as  function  of  time  has  been 
measured  by  light  scattering  from  droplets  resulting 
from  nucleation.  These  cxjjerimental  results  are 
presented.  The  mathematical  models  have  been 
developed  to  describe  the  relatively  slow  processes 
involved  in  ion-induced  nucleation  at  DCC  [3].  The 
problem  of  distinguishing  ion-induced  nucleation  rate 
from  effects  of  droplets  growth  are  discussed.  During 
the  experiments  the  Knudsen  number  for  droplet 
changes  in  very  broad  range.  A  comparison  of  the 
numerical  simulation  results  and  experimental  ones  is 
presented.  The  influence  of  the  depletion  effect, 
related  with  spatial  ion  distribution,  on  macroscopic 
results  of  an  ion-induced  nucleation  is  discussed.  In 
particularly,  it  was  shown  by  solving  inverse  problem 
that  Thompson’s  model  of  the  free  energ>’  cluster 
formation  predicts  the  position  of  maximum  of 
nucleation  rate  in  non-uniform  conditions  of  DCC 
very  well. 

Experimental  measurements  of  the  ion-induce 
nucleation  rate  as  function  of  applied  electric  field 
show  that  there  is  an  *  ion  sign  effect"  .This  effect  is  a 
preference  for  the  nucleation  of  the  vapor  on  ions 
either  positive  or  negative  sign.  The  effects  of  ion 


cluster  mobility  and  other  factors  which  may  influence 
this  effect  have  been  determined.  After  discriminating 
these  effects  the  influence  of  the  ion  sign  on  the  free 
energy  barrier  to  nucleation  remains.  Correlations 
between  the  vapor  properties  and  "sign  effect"  are 
under  investigation. 
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1  Introduction 

Transient  evaporation  phenomena  in  a  superfluid 
helium(He  II)-helium  vapor  system  were  studied 
experimentally,  in  which  a  practically  pure  liquid- 
vapor  system  is  available  due  to  an  absolutely  low 
temperature  environment,  lower  than  2.17  K.  At 
these  temperatures,  all  gases  except  helium  are  in 
frozen  state.  So  it  may  be  considered  as  a  practi¬ 
cally  pure  liquid- vapor  system.  In  He  II,  there  exists 
a  thermal  wave  called  a  second  sound  wave.  A  finite 
amplitude  second  sound  non-linearly  develops  into 
a  thermal  pulse  having  a  temperature  discontinu¬ 
ity.  A  sharp  rise  and  fall,  and  well  defined  value  of 
the  heat  flux  are  characteristic  features  of  heating 
by  impingement  of  a  thermal  pulse  on  He  Il-helium 
vapor  free  surface.  A  thermal  pulse  can  provide  ap¬ 
proximately  stepwise  heating  of  a  liquid-vapor  free 
surface. 


2  Experimental  Set-up 

A  cryostat  with  optical  windows  is  used  for  the  vi¬ 
sualization  study.  The  test  section  immersed  in  He 
II  in  the  cryostat  has  a  rectangular  cross  section  (10 
mm  X  60  mm  x  37  mm)  as  shown  in  Figure  1.  It  is 
enclosed  by  two  side  walls  of  Bakelite  and  two  glass 
plates  for  windows.  A  planar  Ni/Cr  thin  film  heater 
vacuum-deposited  on  a  quartz  glass  substrate  is  in¬ 
stalled  at  the  bottom  of  the  test  section  to  generate 
a  thermal  pulse.  Electric  current  in  a  trapezoidal 
form  varying  in  time  for  several  hundred  fis  is  ap¬ 
plied  to  generate  a  thermal  pulse.  The  density  vari¬ 
ation  in  the  vapor  phase  due  to  evaporation  is  visu¬ 
alized  in  the  form  of  interference  fringes  by  apply¬ 
ing  a  laser  holographic  interferometer.  The  pressure 
in  the  evaporation  wave  is  measured  by  a  pressure 
transducer.  The  temperature  in  a  free  surface  re¬ 
gion  and  in  vapor  phase  is  measured  by  a  supercon- 
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ductive  temperature  sensor[2],  of  which  sensing  ele¬ 
ment  is  gold-tin  superconductive  thin  film  vacuum- 
deposited  on  the  outer  surface  of  quartz  glass  fiber 
with  a  length  of  2  mm  and  a  diameter  of  40  fim. 


Figure  1 :  Cross-sectional  view  of  test  section 


3  Results  and  Discussion 

In  the  experiment  a  thermal  pulse  emitted  from 
the  heater  propagates  upward  through  He  II  at  the 
speed  of  second  sound.  It  causes  evaporation  upon 
the  impingement  on  the  free  surface.  An  evapo¬ 
ration  wave  is  formed  and  propagates  through  the 
vapor  phase.  At  the  same  time,  some  potion  of  the 
incident  thermal  pulse  is  reflected  from  the  free  sur¬ 
face.  The  reflected  thermal  pulse  propagates  down¬ 
ward.  The  formation  of  an  evaporation  wave  front  is 
clearly  seen  in  Figure  2.  The  interferogram  is  taken 
by  finite-fringe  method.  Wave  feature  of  evaporated 
vapor  front  clearly  seen  because  it  propagates  in 
pure  vapor  without  non-condensible  gas  effects,  and 
because  the  free  surface  is  stepwise  heated  by  a  ther¬ 
mal  pulse  impingement.  The  propagation  speed  of 
the  evaporation  wave  front  is  nearly  equal  to  the 
speed  of  sound.  It  is  seen  in  the  interferogram  the 
sign  of  reflected  thermal  pulse  is  not  reversed  and 
the  reflected  and  incident  thermal  pulses  overlap. 
This  indicates  that  the  pulse  amplitude  of  the  re¬ 
flected  portion  has  to  be  take  into  consideration  to 
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Figure  2:  Finite-fringe  interferogram  showing  wave 
fronts  of  evaporation  wave  reflected  therma!  pulse, 
and  wave  tail  of  incident  thermal  pulse.  Initial 
bath  temperature  T/  =  1.74K,  heater  applied  heat 
flux  q=25  W/cm^,  heating  time  ti/=200  ps. 


Figure  3:  Time  variation  of  the  pressure  in  evap¬ 
orated  vapor  for  three  heating  times  </f=50,  100, 
200  /is  measured  at  10  mm  above  the  free  surface. 
Initial  bath  temperature  T/  =  1.74  K,  heater  applied 
heat  flux  q=15  W/cm®. 

evaluate  the  temperature  of  a  free  surface,  Tw- 
The  time  variation  of  the  pressure  in  evaporated 
vapor  is  shown  for  three  heating  times  in  Figure  3. 
It  is  seen  that  the  interval  when  the  pressure  rises 
almost  coincides  with  the  heating  time. 

The  pressure  of  evaporated  vapor  is  plotted  against 
the  normalized  temperature  of  free  surface  in  Figure 
4.  The  temperature  difference,  Tw-Tj,  is,  in  fact, 
found  to  be  approximately  twice  the  amplitude  of 
an  incident  thermal  pulse.  The  pressure  condition 


Figure  4:  The  pressure  of  evaporation  wave  plotted 
against  the  normalized  temperature  of  the  free  sur¬ 
face.  Initial  bath  temperatures  T/=1.74  and  1.94 
K. 

is  given  as  a  function  of  particle  velocity  outside  the 
knudsen  layer,  V'ooi  as  follows[l], 

Afnoc  =  -7^=.  (1) 

yJlRT^ 

Here  Too  and  are  the  temperature  and  the  pres¬ 
sure  of  the  vapor  outside  of  the  knudsen  layer,  and 
Pw  is  the  saturated  vapor  pressure  at  the  temper¬ 
ature  of  He  II  free  surface,  Tw-  We  now  conduct 
experiments  to  measure  Vco[3]. 
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1  Introduction 


2  Setting  of  Problem 


Transient  motions  of  a  vapor  associated  with  strong 
evaporation  and  condensation  processes  between 
the  coaxial  spherical  condensed  phases  are  consid¬ 
ered  here.  Wave  propagations  and  the  possible  for¬ 
mation  of  a  standing  shock  wave  in  the  flow  field 
caused  by  the  phase  change  processes  occurring  at 
the  concentric  spherical  condensed  phases  are  the 
main  subject  of  this  study.  The  investigation  of 
such  transient  motions  of  the  vapor  is  of  fundamen¬ 
tal  importance  in  gas  dynamics  in  the  sense  that 
one  can  understand  how  the  waves  (shock  waves, 
contact  regions  and  sometimes  expansion  waves  in¬ 
volved)  caused  by  these  processes  bring  the  flow 
fields  to  their  final  states.  Continuous  interaction 
of  the  various  waves  with  themselves  and  with  the 
boundaries  and  their  propagation  through  nonuni¬ 
form  flow  fields  are  also  of  theoretical  interest.  Flow 
fields  of  this  kind  have  already  been  studied  for  the 
case  of  strong  and  not  so  strong  phase  change  pro¬ 
cesses  between  the  plane  condensed  phases  placed 
in  parallel  ([1],  [2],  [3]),  where  the  transition  pro¬ 
cess  of  the  flow  fields  to  their  final  states  has  been 
clarified  in  terms  of  the  propagation  and  interaction 
of  the  various  waves  involved.  The  present  spher¬ 
ical  problem,  however,  which  may  differ  in  many 
respects  from  dimensionally  degenerate  problems 
such  as  already  treated  in  [l]-[3],  may  be  expected 
to  involve  virtually  adiabatic  and  strong  initial  ex¬ 
pansion  of  the  flow  field  near  the  inner  condensed 
phase  where  evaporation  is  taking  place  because  of 
the  3-dimensional  expanse  of  region  involved.  The 
expansion,  when  it  is  strong,  may  lead  the  flow  to 
supersonic  one  near  the  inner  condensed  phase  and 
eventually  lead  to  the  formation  of  a  standing  shock 
wave  within  the  flow  region  to  connect  the  super¬ 
sonic  flow  and  the  subsonic  one  prevailing  near  the 
outer  condensed  phase. 
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Consider  a  vapor  between  the  concentric  spherical 
condensed  phases  with  the  inner  and  outer  radii  ri 
and  rj  ,  respectively.  Initially,  the  gas  phase  and  its 
inner  and  outer  condensed  phases  are  in  complete 
equilibrium  at  a  temperature  To ,  the  pressure  and 
number  density  of  the  gas  at  this  state  being  Pq 
and  No,  respectively.  Suppose  that,  at  time  f  =  0, 
the  temperature  of  the  inner  condensed  phase  is 
suddenly  changed  from  To  to  Tj ,  the  temperature 
of  the  outer  condensed  phase  being  unchanged  and 
kept  at  To-  The  saturated  vapor  pressure  and  num¬ 
ber  density  at  this  temperature  Ti  is  denoted  by  Pi 
and  Ni  ,  respectively.  With  a  difference  scheme  ap¬ 
plied,  the  Boltzmann  equation  of  BGK  type  [4]  are 
solved  numerically  for  this  problem  under  the  con¬ 
dition  of  diffusive  reflection  at  the  interface  between 
the  condensed  phase  and  the  gas  phase. 


3  Results 


The  calculations  have  been  carried  out  for  a  number 
of  sets  of  the  parameters  governing  the  motions  of 
the  vapor,  i.e.. 


I 

ri 


II 

To’ 


r  = 


hi 

RTo 


where  R  is  the  gas  constant  and  hi  is  the  latent 
heat  of  vaporization  per  unit  mass  of  the  vapor,  /q 
is  the  mean  free  path  at  the  initial  reference  state 
defined  by  Iq  =  (SRTo/ir)^^^ / {Noik) .  NoUc  being 
the  collision  frequency  at  the  reference  state.  The 
distributions  of  various  fluid  dynamic  quantities  in¬ 
cluding  the  mass  and  energy  flows  for  the  transient 
and  final  steady  states  have  been  obtained  together 
with  the  distribution  function  for  molecules. 

A  sample  of  the  results  is  shown  in  Figs.  1-3,  which 
shows  the  transition  process  of  a  flow  field  to  its 
final  state  due  to  the  evaporation  process  taking 
place  at  the  inner  condensed  phase.  It  can  be  seen 
that  a  shock  wave  is  produced  followed  by  a  contact 
region  with  strong  incipient  flow  expansion  near  the 
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evaporation  surface.  This  expansion  drives  the  part 
of  the  flow  to  supersonic,  leading  to  the  gradual  for¬ 
mation  of  a  standing  shock  wave  in  the  flow  field  to 
connect  the  supersonic  flow  region  and  the  subsonic 
one  within  a  short  distance. 


Figure  1:  Transient  pressure  distributions  P/Pq  for 
rj/rj  =  2.0  ,  An  =  0.01,  Tj/To  =  1.3,  F  =  11  (or 
Pi/Po  =  12.66,  Ni/No  =  9.74).  The  numbers  in 
the  graphs  indicate  the  values  of  time  t/vo,  where 
To  =  ri/(2/J7o)'/^.  o  indicates  the  virtually  final 
values  (at  I/tq  =  9.0)  of  the  quantity  at  r  =  rj  and 
r  =  r^. 


Figure  2:  Transient  local  Mach  number  distribu¬ 
tions  u/c  for  r2/ri  =  2.0,  An  =  0  01,  Ti/To  = 
1.3,  r  =  11  (or  Pi/Po  =  12.66,  Ni/Nq  =  9.74). 
c  =  (5Ar/3)’/^  is  a  local  sound  speed.  The  num¬ 
bers  in  the  graphs  indicate  the  values  of  time  t/ro, 
where  tq  =  ri/(2A7o)*^^.  o  indicates  the  virtu¬ 
ally  final  values  (at  t/ro  =  9.0)  of  the  quantity  at 
r  =  rj  and  r  =  r2. 


Figure  3;  TVansient  temperature  distributions 
T/To  for  rj/ri  =  2.0,  An  =  0.01,  Ti/To  =  1.3, 
r  =  11  (or  PifPo  =  12.66,  Ni/No  =  9.74).  The 
numbers  in  the  graphs  indicate  the  values  of  time 
t/ro,  where  ro  =  ri/(2ATo)’/^.  o  indicates  the 
virtually  final  values  (at  t/ro  =  9.0)  of  the  quantity 
at  r  =  ri  and  r  =  r2. 
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In  the  existing  theories  of  homogeneous  nucleation 
it  is  accustomed  to  consider  that  a  concentration  of 
a  noncondensible  (carrier)  gas  does  not  affect  the 
rate  of  nucleation.  Moreover,  it  is  supposed  that  the 
higher  the  gas  concentration,  the  closer  the  nucle¬ 
ation  process  is  to  the  isothermal  one  for  which  clas¬ 
sical  nucleation  theory  (CNT)  was  originally  built. 
However,  in  paper  [1]  and  many  others  on  the  basis 
of  the  experimental  data  on  homogeneous  conden¬ 
sation  of  HiO,  DiO  and  some  alcohols  in  an  in¬ 
ert  gaseous  atmosphere  it  was  discovered  that  the 
critical  supersaturation  linearly  increases  with  the 
increase  of  the  carrier  gas  pressure  Pq.  Besides, 
with  the  temperature  decrease  a  slope  of  isotherms 
S,(Po)  becomes  more  abrupt. 

That  is  why  the  aim  of  this  work  was  to  consider 
in  more  detail  the  kinetic  processes  in  DCC  using 
some  ideas  specific  for  the  kinetics  of  chemical  re¬ 
actions.  Here  we  propose  a  model  of  the  nucleation 
process  under  conditions  when  a  transport  of  con¬ 
densing  molecules  to  the  cluster  surface  is  deter¬ 
mined  by  their  diffusion  through  a  carrier  gas.  The 
main  physical  idea  exploited  within  our  approach 
is  the  following.  If  a  certain  cluster  transits  to  an¬ 
other  sort  by  attJiching  a  monomer  the  rate  of  this 
process  in  the  usual  nucleation  theory  is  propor¬ 
tional  to  a  free-molecular  flux  of  monomers  on  the 
surface  of  this  cluster  and  this  flux  is  determined 
by  the  volume  concentration  of  monomers.  Under 
the  conditions  of  DCC  this  assumption  stops  to  be 
valid  because  the  real  concentration  of  monomers 
at  the  external  boundary  of  the  Knudsen  layer  over 
the  cluster  surface  differs  from  the  concentration  ni 
determined  far  from  the  cluster  in  view  of  the  pres¬ 
ence  of  a  carrier  gas.  It  is  caused  by  the  existence  of 
a  concentration  jump  in  the  vicinity  of  the  cluster 
surface  and  the  value  of  this  jump  becomes  consid¬ 
erable  when  the  mean  free  path  of  the  condensing 
molecules  in  the  carrier  gas  is  of  order  of  the  cluster 
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radius. 

Further  we  use  a  special  mathematical  formalism 
which  is  strongly  based  on  the  microscopic  theory 
of  nucleation  [3]  put  forward  by  the  author  and 
allows  one  to  obtain  an  analytical  representation 
of  the  cluster’s  concentrations  through  supersatu¬ 
ration,  the  gas  temperature  and,  that  is  quite  new, 
the  carrier  gas  pressure.  It  is  shown  that  the  usual 
conditions  of  experiments  in  diffusion  cloud  cham¬ 
bers  where  the  concentration  of  the  vapor  is  small, 
meet  the  requirements  of  the  model  validity  that 
means  this  model  can  be  adopted  to  expledn  a  mech¬ 
anism  of  the  carrier  gas  pressure  influence  on  the 
nucleation  kinetics  [4]  observed  in  experiments  [1]. 
In  particular,  as  follows  from  our  analysis  instead 
of  a  usual  supersaturation  S  all  expressions  of  the 
theory  contain  a  product  50  where  0  «  I/Pq  and 
depends  upon  the  cross-section  of  the  carrier  gas 
Eind  condensing  molecules. 

The  main  conclusion  which  can  be  made  based  on 
the  above  results  is  that  at  certain  values  of  the  tem¬ 
perature  and,  that  is  more  important,  pressure  of 
a  carrier  gas  a  special  regime  of  nucleation  may  es¬ 
tablish.  As  follows  from  the  presented  analysis  this 
case  is  realized  at  high  pressures  of  the  carrier  gas, 
a  large  effective  diameter  (or  cross-section)  of  the 
condensing  molecules,  comparatively  low  tempera¬ 
tures.  We  call  this  regime  ’’diffusion-limited  nucle¬ 
ation”  ,  but  such  processes  are  well  known  and  even 
rather  wide  occur  in  chemical  kinetics  [2].  However, 
for  nucleation  this  effect  here  is  considered  for  the 
first  time. 

From  the  results  obtained  it  follows  that  in  addition 
at  the  diffusion-limited  nucleation  the  quasisteady 
concentrations  of  clusters  as  well  as  the  rate  of  the 
evolution  of  the  monomer’s  mass  fraction  qi  be¬ 
come  no  longer  be  a  function  of  two  parameters  — 
T  and  5,  but  three  because  now  in  addition  they 
depend  on  the  carrier  gas  pressure  as  well  as  on  the 
nature  of  both  the  carrier  gas  and  the  condensing 
vapor.  This  dependence  appears  through  the  values 
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of  the  collision  cross-section  and  the  mean  free  path 
of  the  vapor  molecules  through  the  carrier  gas,  and 
it  must  be  taken  into  account  when  treating  and 
comparing  the  experimental  results  with  the  others 
and  with  a  theoretical  prediction. 

This  result  in  some  degree  explains  why  in  some  ex¬ 
periments  in  expansion  chambers  the  dependence 
of  the  nucleation  rate  on  the  carrier  gas  pressure 
have  not  been  detected  at  all  or  was  comparatively 
slight  [5]  while  in  experiments  [1]  it  was  pronounced. 
On  the  other  hand  a  slight  effect  of  the  carrier  gas 
pressure  in  nozzles  and  jets  [6]  (see  also  a  more 
extent  description  of  this  problem  in  [3])  has  to 
be  associated  with  the  dependence  of  the  param¬ 
eter  r  —  the  main  parameter  of  MNT  —  on  Po- 
The  reason  is  that  under  the  conditions  of  these 
experiments  Pq  ~  Pi  -  the  vapor  pressure  -  and 
thus  for  small  clusters  their  intracluster  vibrations 
are  nonequilibrium  because  of  the  limited  number 
of  collisions  with  both  the  carrier  gas  and  vapor 
molecules.  Thus,  another  kinetic  theory  is  needed 
to  describe  this  situation,  for  instance,  MNT  in  its 
original  treatment  [3]. 

Finally,  analytical  dependencies  of  critical  super¬ 
saturation  5.  and  dS./dP  on  a  carrier  gas  pressure 
Po  and  temperature  T  in  a  diffusion  cloud  cham¬ 
ber  (DCC)  are  derived  on  the  basis  of  the  above 
approach.  These  dependencies  qualitatively  repro¬ 
duce  the  available  experimental  data.  In  addition 
the  influence  of  the  nature  of  both  the  carrier  gas 
and  condensing  vapor  on  the  observed  phenomenon 
is  discussed.  The  conclusion  is  made  that  the  effect 
of  the  carrier  gas  in  the  experiments  in  DCC  has  no 
connection  to  the  real  rate  of  chemical  reactions  of 
clusterization  and  at  other  conditions  (for  instance, 
in  expansion  chambers)  may  not  occur.  Neverthe¬ 
less  an  existence  of  the  carrier  gas  influence  on  the 
total  nucleation  rate  can  be  of  great  importance  for 
the  control  of  nucleation. 
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1  Introduction 

In  this  study  we  continious  to  investigate  theoreti¬ 
cally  and  experimentally  photophoresis  phenomena 
in  rarefied  gas  ( the  movement  of  aerosol  particle  on 
the  influence  of  light  beam  [1,2]  ).  The  radiometric 
nature  of  photophoresis  binds  with  the  appearance 
of  the  force  that  exerts  on  the  non-uniformly  heated 
by  light  particle  in  the  rarefied  gas.  The  problem 
of  photophoresis  is  known  to  have  a  complex  char¬ 
acter:  it  is  necessary  to  solve  electrodynamic  and 
kinetic  parts  for  the  calculations  of  values  of  pho¬ 
tophoresis  force  and  velocity.  The  heat  sources  of 
electromagnetic  nature  into  the  particle  volume  are 
known  to  be  calculated  according  to  Lorentz-Mie 
theory  concerning  homogeneous  spherical  particle 
assumption  [3]  (electrodynamic  part).  Processes  of 
the  heat  and  momentum  transfer  to  the  suspended 
in  gas  particle  are  believed  to  be  calculated  accord¬ 
ing  to  the  principles  of  kinetic  theory.  Furthermore, 
electrodynamic  part  can  be  investigated  indepen¬ 
dently  from  kinetic  part  due  to  the  linear  problem 
statement. 

2  Basic  equations  and  results 

We  have  used  this  problem  property  and  analyzed 
force  and  velocity  dependence  on  Knudsen  number, 
thermophysical  and  accommodation  particle  prop¬ 
erties  in  [1]  in  detail.  In  particular,  the  solution  of 
the  kinetic  equation  is  obtained  by  using  integral- 
moments  method  for  the  whole  Knudsen  numbers 
range  and  the  expression  for  photophoretic  force 
can  be  written  in  form: 


^ _ OEi>l _ 

oiE  +  ^AA'n  (1  -  oe)  +  Q£;At&2’ 
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where  ~t  is  light  intensity;  A  =  Xp/Xg  is  the  ra¬ 
tio  of  particle  and  gas  thermal  conductivities;  Ro  is 
the  particle  radius;  and  functions  rpi  and  V’z  depend 
on  Kn  numbers  and  accommodation  coefficients  of 
normal  (on)  and  tangential  momentum  (or)  of  gas 
molecules  on  the  particle  surface;  is  the  energy 
accomodation  coefficient;  Ji  is  the  asymmetry  fac¬ 
tor  of  particle  surface  temperature.  It  is  defined 
as 

p  1 

Ji(m,p)  =  ^  j  f  j  P^{fi)B{p,fi)dfidp  (2) 
0  -1 

where  m  =  n  -|-  i/c  is  a  complex  refractive  index  of 
particle  substance;  p  =  2t:R/X  is  radiative  size  pa¬ 
rameter  (the  diffraction  parameter);  Pi{p)  is  Leg¬ 
endre  polinomial;  B  (x,?o)  is  so-called  source  func¬ 
tion;  p  =  cos  ^0.  and  6o  is  polar  angle  on  the  particle 
surface  [1],  The  direction  of  particle  photophoretic 
movement  is  defined  completely  with  the  sign  of  Ji 
factor  and  no  variations  of  accommodation  coeffi¬ 
cients  can  change  the  force  sign  as  recent  analysis 
of  equation  (1)  showed.  In  addition,  it  turns  out 
that  Ji  factor  essentially  defines  the  order  of  pho¬ 
tophoretic  force  magnitudes.  So,  it  is  clear,  to  cal¬ 
culate  and  analyze  photophoretic  complex  problem 
we  ought  to  give  attention  to  the  precision  of  this 
electrodynamical  parameter.  No  systematic  anal¬ 
ysis  of  asymmetry  factor  values  for  the  real  atmo¬ 
spheric  aerosols  seemed  to  have  been  elaborated. 
Thus,  the  aim  of  this  investigation  is  the  evalua¬ 
tion  of  Ji  factor  for  the  basic  group  of  atmospheric 
aerosols;  the  analysis  of  the  typical  features  of  Ji 
behavior  as  function  of  m  and  diffraction  parame¬ 
ter  p;  the  estimation  of  photophoretic  force  magnu- 
tudes  taking  in  consideration  the  complete  solution 
of  this  complex  problem.  So,  it  is  necessary  to  cal¬ 
culate  Ji  as  exactly  as  possible,  but  exellent  preci¬ 
sion  requires  too  much  evaluation  time.  Our  algo¬ 
rithm  allows  to  get  18  decimal  digits  and  guaranteed 
correct  values  for  the  whole  range  of  diffraction  pa¬ 
rameter  and  complex  refractive  index.  Precision  of 
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Figure  1:  Dependence  of  Ji  factor  on  diffraction 
parameter  p  for  soot  particle;  the  light  wavelength 
is  A  =  0.5  /xm;  m  =  1.82  +  0.74t  (4] 
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Figure  2:  Dependence  of  Ji  factor  on  diffraction 
parameter  p  for  water  droplet;  the  light  wavelength 
is  A  =  0.525  pm-,  m  =  1.334  +  1.32  •  lO-***  [5] 


used  method  is  approached  by  combination  of  the 
best  sides  of  Lenz,  Mackowski  and  Bohren-Huffmcn 
algorithms.  Logarithmic  derivation  and  the  com¬ 
plex  mathematical  functions  were  calculated  with 
continued  fraction  method,  besides  the  criterion  of 
the  number  items  in  Mie  series  was  modified  too. 
There  are  dependencies  Ji  on  p  for  soot  spherical 
particles  and  water  drops  as  typical  samples  of  real 
atmospheric  aerosols,  which  have  the  essential  dif¬ 
ference  of  optical  properties  on  Fig.  1  and  2.  It 
is  known  [6]  that  photophoresis  causes  the  aerosol 
particles  levitation  at  upper  stratosphere.  Fig.  3 
illustrates  the  competition  of  photophoretic  force 
with  the  gravitational  force  for  upper  stratosphere. 
Further  environmental  applications  in  detail  can  be 
expound  in  full  presentation  version  . 

This  work  was  partially  supported  by  the  Grant  for 
Scientific  Research  (No.  96-01-00756)  from  the 
Russian  Foundation  for  Basic  Research  (RFFI). 


Figure  3:  Dependences  gravitational  (1)  and  pho¬ 
tophoretic  (2)  forces  on  pressure  P  (in  atmospheric 

pressure  units)  for  soot  particle.  Rq  =  Apm-,  A  = 

4.91  and  particle  density  165  ^  [7];  /  =  1368  ^ 

(4):  To  =  255A’;  A  =  0.525  pm 
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1  Introduction 

Concentration  gradients  of  the  chemical  species  in 
a  gas  mixture  are  known  to  cause  movement  of 
aerosol  particles.  The  particle  motion  is  commonly 
termed  ’’diffusiophoresis”,  and  the  force  producing 
this  motion  is  known  as  ’’diffusion  force” .  This  phe¬ 
nomenon,  which  cannot  be  described  within  the  or¬ 
dinary  continuum  theory,  may  find  various  techno¬ 
logical  applications,  one  of  which  will  be  the  sep¬ 
aration  and  collection  of  small  particles  (micron- 
and  submicron-sized).  The  theory  of  diffusiophore¬ 
sis  has  been  developed  previously  only  for  par¬ 
ticles  whose  radius  was  either  much  smaller  or 
much  larger  than  the  mean-free  path  of  the  gas 
molecules[l].  The  analysis  covering  the  regime  of 
an  intermediate  Knudsen  number,  i.e.,  the  transi¬ 
tion  regime,  is  an  important  but  difficult  problem 
in  aerosol  microphysics.  Various  technological  ap¬ 
plications  require  reliable  theoretical  predictions  for 
the  diffusiophoretic  force  and  velocity  over  the  wide 
range  of  Knudsen  numbers,  covering  the  range  from 
the  slip  flow  to  the  free-molecular  flow.  A  few  stud¬ 
ies  have  been  made  in  the  transition  regime  based 
on  various  approximations  of  the  Boltzmann  equa¬ 
tion  solutions  or  on  numerical  calculations  for  the 
gas-kinetic  model  equations.  Among  semi-  empiri¬ 
cal  theories  giving  a  satisfactory  description  of  the 
diffusion  force  and  velocity  over  a  wide  range  of 
Knudsen  numbers  are  the  works  by  Annis  et  al. 
(the  ’’giant  molecules”  method)  [2].  This  theoretical 
model  treats  the  aerosol  particles  as  one  component 
of  the  multicomponent  gas  mixture.  This  method, 
however,  is  not  free  from  certain  physical  contradic¬ 
tions  and  includes  a  great  number  of  adjustable  pa¬ 
rameters.  A  strict  approach  to  this  problem  should 
be  bcised  on  solving  the  kinetic  equation  with  cor¬ 
responding  boundary  conditions.  The  complexity 
of  the  collision  integral  in  the  Boltzmann  equation 
has  led  to  the  use  of  gas-kinetic  model  equations.  A 
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simple  method  of  construction  of  the  linearized  ki¬ 
netic  models  for  gaseous  mixtures  was  proposed  by 
MacCormack  [3].  In  this  study  the  diffusiophoresis 
problem  was  solved  on  the  basis  of  the  linearized 
McCormack  kinetic  equation  [3]  with  diffuse  type 
boundary  conditions  on  the  particle  surface.  Thus, 
the  aim  of  this  work  is  the  elaboration  of  a  consis¬ 
tent  gas-kinetic  theory  for  the  diffusion  force,  fric¬ 
tion  force,  diffusiophoretic  velocity  and  the  study  of 
their  dependencies  on  the  properties  of  an  aerosol 
particle  and  binary  gas  mixture. 


2  Statement  of  the  problem 


Consider  a  spherical  particle  of  radius  Ro  suspended 
in  an  infinite  expance  of  binary  gas  mixture  with  a 
low  concentration  gradient  |Vxi|  (far  from  the  par¬ 
ticle)  along  OZ  axis.  The  particle  surface  tempera¬ 
ture  and  the  temperature  of  a  gas  mixture  are  the 
same  (and  constant).  The  total  gas  pressure  is  con¬ 
stant  and  equals  po  .  As  the  concentration  gradients 
are  small,  the  velocity  distribution  functions  for  the 
species  1  and  2  can  be  linearized.  This  allows  to 
split  the  problem  (the  diffusion  force  problem  and 
and  the  friction  force  problem).  Here  we  devote  the 
main  attention  to  the  first  aspect;  the  second  has 
been  considered  in  detail  in  [4],  and  these  results 
can  be  used  here  to  calculate  the  diffusiophoretic 
velocity.  The  origin  of  the  spherical  coordinates 
(r,9,ip)  is  at  the  center  of  the  particle.  Axial  sym¬ 
metry  applies  here,  i.e.,  the  macroscopic  parameters 
characterizing  the  states  of  particle  and  gas  are  de¬ 
pendent  only  on  the  radial  coordinate  r  and  polar 
angle  6.  Then  the  state  of  the  gas  can  be  described 
by  a  molecular  velocity  functions  that  are  slightly 
different  from  the  Maxwellian  distributions: 


/i 

h 


fio 


fiO 


1  + 

+2Ciz  {Uico  +  Vioo)  +  hi 

+2C'2.  {U200  +V200)  +  h2 


(1) 

(2) 
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where  /qo  are  the  Maxwellian  distributions  with 
parameters  T,nao  (at  r  oo,6  =  ±§); 

a  00)  T^aoo)  =  V’az(I^a«o,  ;  where  Vo  is 
the  molecular  velocity  of  species  o  ,  itooc  is  the 
mean  velocity  of  species  a,  and  V^oo  is  the  mass 
average  velocity  of  the  gas  mixture. 

The  problem  is  solved  in  a  steady-state  formulation 
on  the  basis  of  linearized  McCormack  kinetic  equa¬ 
tion  of  second  order  [3]: 

Q^  -hiD  =  — +  t'l  +  2 

X  (Cirf^ir  +  CieUie) , 

=  —hiD  +  l'7+  (4) 

o  r  2 

-t-2  {C^rV^r  +  C^eU^s)  , 

where  'to  =  =  ^  ,  and 

the  collision  frequencies  'iofi,^ol  are  defined  in 
[3].  Consider  a  special  cases  for  gaseous  mixture 
approximations  (so-called  the  Lorentz’s  and  the 
Rayleigh’s  (quasi-Lorentz’s)  mixture.  In  the  first 
case  ni/n2  ■C  1,  mi/ m2  1  ;  in  the  second  case 
«i/”2  <  1,  mi/m2  »  1. 

At  the.se  assumptions  from  Eqs.(3)-(4)  we  obtain 
the  simplified  kinetic  equations  for  species  1  and  2. 


3  Basic  equations  and  the 
method  of  solution 

The  kinetic  equations  (3)-(4)  at  approximation 
xljjl  are  formally  integrated  along  the  character¬ 
istics  and  transformed  into  the  systems  of  integral 
equations  for  the  number  density  and  macroscopic 
velocity  of  species  1  and  2.  The  resulting  system 
closes  with  integral  relations  obtained  from  bal¬ 
ance  equations  on  the  particle  surface.  The  integral 
equations  included  into  the  system  being  the  non- 
uniform  Fredholm  equations.  The  Bubnov-Galerkin 
method  can  be  used  for  their  solution.  The  trial 
functions  for  macroparameters  are  chosen  so  as  to 
obtain  the  correct  hydrodynamic  solution  [1].  The 
exact  free  molecular  values  for  macroparameters  are 
contained  in  the  absolute  terms  of  the  system.  Fur¬ 
ther  solution  of  the  problem  is  reduced  to  the  nu¬ 
merical  calculation  of  Galerkin  integral  coefficients, 
determination  of  the  constants  in  trial  functions, 
and,  ultimately,  to  the  calculation  of  the  diffusion 
force  as  a  function  of  Knudsen  number.  The  parti¬ 
cle  moving  in  non-uniform  gaseous  mixture  is  also 
affected  by  viscous  drag  [4].  In  this  case,  the  veloc¬ 
ity  of  the  unfixed  particle  in  a  concentration  gra¬ 


dient  field  (the  diffusiophoretic  velocity)  is  deter¬ 
mined  from  condition 

+  7^1/  =  0  (5) 


4  The  results 

In  the  slip-flow  regime  (Kn  <?C  1)  and  in  the  free- 
molecular  limit  (A'n  -f  00)  for  the  case  of  complete 
accommodation  we  obtain  following  asymptotic  ex¬ 
pressions: 
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Numerical  calculations  were  carried  out  at  interme¬ 
diate  Kn  numbers  in  the  case  X]  C  1.  The  compar¬ 
ison  of  the  presented  theory  with  available  experi¬ 
mental  data  represents  a  great  interest.  Among  not 
numerous  experimental  data  which  satisfy  to  the 
assumption  xi  <?C  1,  it  is  necessary  to  mark  out  the 
results  [5-6]  (stationary  diffusion  of  water  vapour 
through  stagnant  air  [5]  and  nitrogen  [6];  so-called 
diffusion  of  species  1  through  stagnant  species  2, 
SD-scheme  [1]).  It  is  seen  that  the  predicted  dif¬ 
fusiophoretic  velocity  is  the  same  in  the  slip-flow 
regime  as  in  the  transition  regime  [2]. 

This  work  was  supported  by  the  Grant  for  Scien¬ 
tific  Research  (No.  96-01-00756)  from  the  Russian 
Foundation  for  Basic  Research. 
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Heterogeneous  reactions  play  a  very  important  role 
in  many  natural  and  antropogenic  processes.  For 
instance,  we  can  mention  catalytic  reactions  in 
chemical  industry,  polar  stratospheric  clouds  and 
ozone  holes  formation.  In  the  present  report  a  sim¬ 
plest  heterogeneous  process,  namely,  condensation 
in  porous  media  will  be  considered.  The  main  prob¬ 
lem  is  to  define  the  active  surface  of  the  porous 
body. 

Let  us  consider  tubular  layer  composed  of  flat  or 
cylindrical  parallel  channels  on  the  walls  of  which 
condensation  takes  place.  Solutions  of  kinetic 
Boltzmann  equation  by  DSMC  method  were  ob¬ 
tained.  The  solutions  are  defined  by  five  param¬ 
eters:  supersaturation  (ncc-nj(Tu.))/nco,  walls  con¬ 
densation  coefficient  a<;,  Knudsen  rarefaction  pa¬ 
rameter  Knrf  (d  is  characteristic  height  of  chan¬ 
nel),  relative  channel  length  L/d  and  porosity  P. 
VHS  molecule  model  corresponding  to  parameter 
u:=0.7  in  viscosity/temperature  relation  /r  ocT“’ 
is  used.  Diffuse  molecule  reflection  at  the  walls 
is  assumed  with  temperature  Ty.  and  condensa¬ 
tion  coefficient  q^.  Far  from  porous  layer  vapour 
temperature  Too=Tu,  and  number  density  (noo- 
nj(Tu,))/nco=0.2  were  selected  for  calculations. 
Such  small  supersaturation  provides  molecular  flow 
rate/supersaturation  linear  relation.  The  other  pa- 
rametes  were  chosen  as  follows:  0.05<  Qf  <  0.5, 
0<  Kiij'  <8,  2.5<  L/d  <40,  0.5<  P  <1.  Calcula¬ 
tions  performed  show  that  there  exists  such  limiting 
porous  layer  thickness  Lc  ~  d/oc  when  conden¬ 
sation  flux  do  not  increase  at  L  >  Lc  ■ 

Two  approximate  approaches  w’ill  be  also  presented. 
For  small  Oc  one  dimensional  approximation  of  the 
flow  in  a  single  channel  is  used.  The  interaction  be¬ 
tween  channels  is  modelled  using  analogy  between 
layer  adjacent  to  the  porous  body  and  Knudsen  lay¬ 
ers  near  condensing  plate  (see  more  detailes  in  [1]). 
Combination  of  two  methods  permits  to  obtain  an¬ 
alytical  expression  for  condensing  gas  flux  at  arbi- 
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trary  porosity.  Both  approach  provide  sufficiently 
good  accuracy  especially  at  Og  <  0.2.  The  error 
in  condensing  gas  flux  does  not  exceed  5%  as  com¬ 
pared  to  numerical  results.  So  the  active  surface  of 
porous  body  can  be  estimated. 
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Catalitic  properties  of  particles  in  a  reacting  or  con¬ 
densing  gas  are  defined  by  their  active  surface.  The 
dimensions  and  configuration  of  particles  partic¬ 
ularly  depends  on  coagulation  process.  Any  dif¬ 
ference  in  particles  velocities  can  lead  to  coagu¬ 
lation.  An  attraction  or  repulsion  between  parti¬ 
cles  enhances  or  decreases  the  coagulation  rate.  In 
the  paper  [1]  it  was  shown  that  condensing  parti¬ 
cles  attract  each  other  in  free-molecular  flow  regime 
{KriD  —¥  oo).  It  is  obvious  that  condensation  active 
surface  and  hence  condensation  flux  on  the  particle 
will  depend  not  only  on  its  diameter  but  also  on  its 
porosity.  So  do  the  interaction  forces. 

The  aim  of  the  present  work  is  twofold:  to  de¬ 
fine  the  attractive  force  at  different  Knudsen  num¬ 
bers  and  to  estimate  the  influence  of  porosity  on 
this  force.  For  porous  particles  condensation  in¬ 
teraction  is  defined  by  many  parameters.  Besides 
the  external  parameters  there  are  several  internal 
ones  defining  porosity  and  other  properties  of  par¬ 
ticle  material.  Among  them  are:  supersaturation 
”oo  -  temperature  ratio  Too/Tu,,  relative 

distance  between  particles  L/D,  external  and  inter¬ 
nal  Knudsen  numbers  Kno  =  A/D  and  Knj  =  X/d 
(D  and  d  are  size  of  particle  and  pore  width,  respec- 
tivly),  porosity  P,  condensation  coefficient  for  given 
particle  material  Og. 

The  methods  developed  in  work  [2]  make  it  pos- 
sibe  to  divide  the  problem  of  condensation  inside 
the  particle  and  the  problem  of  particles  interac¬ 
tion  caused  by  condensation.  This  approximate 
approach  permits  to  determine  the  effective  con¬ 
densation  coefficient  for  particles  of  different  form 
and  other  parameters  necessary  to  solve  external 
flow  problem.  The  determination  of  condensive 
force  was  carried  out  by  DSMC  method  for  one- 
component  gas  and  two-component  gas  mixture  for 
wide  range  of  Knudsen  numbers  and  values  of  ef¬ 
fective  condensation  coefficient.  The  problem  with 
one-component  gas  was  solved  under  strong  su- 

‘Abstract  4943  submitted  to  the  21st  International  Sym¬ 
posium  on  Rarefied  Gais  Dynamics,  Marseille,  France,  July 
26-31,  1998 


persaturation  conditions.  Within  the  problem  of 
two-component  mixture  the  force  generated  by  the 
condensed  species  was  studied  particularly.  The 
asymptotic  value  {Kno  -t  0)  was  determined. 
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The  two-dimensional  problems  for  evaporation- 
condensation  of  a  rarefied  gas  in  a  rectangular  do¬ 
main  with  temperature  gradient  are  studied.  At 
this  the  method  of  direct  numerical  solving  of  the 
Boltzmann  equation  [1]  is  used. 

The  nonlinear  half-space  problem  has  been  stud¬ 
ied  by  many  authors,  the  one-dimensional  problem 
for  evaporation-condensation  (recondensation)  be¬ 
tween  two  parallel  surfaces  has  been  investigated 
too.  The  two-  and  three-dimensional  non-steady 
problems  were  less  researched. 

The  statement  of  the  problem  is  shown  in  Fig.l. 
There  is  vapour  in  the  rectangular  domain  lim¬ 
ited  by  non-penetrable  surfaces  with  temperature 
Tu,  =  1  and  interphase  with  temperature  T,(x). 
T,(x)  is  the  lineary  function  of  x.  The  vapour  den¬ 
sity  depends  on  x  lineary  or  exponentially  and  is 
varied  from  n,i  to  n,2-  The  temperature  and  den¬ 
sity  are  non-dimensional  values  relatived  to  base 
parameters  On  the  limiting  non-penetrable  sur¬ 
faces  full  energy  accommodation  of  molecules  is  as¬ 
sumed,  and  velocity  distribution  function  for  re¬ 
flected  molecules  is  half-Maxwellian  with  zero  flow 
velocity.  In  zero  moment  of  the  time  vapour  den¬ 
sity  and  temerature  in  domain  are  amounted  equal 
to  unit. 

The  example  of  solution  results  for  steady  stage, 
i.e.  large  enough  time,  are  presented  in  Fig. 2,  3  for 
«ji  =  1,  fJjZ  =  5,  T,\  =  Tu,,  T,2  =  2  and  linear 
dependence  n,(i).  Dependences  of  the  mass  flux 
density  j  on  x  for  the  various  cross-section  along  y 
are  shown  in  Fig. 2.  In  Fig. 3  the  velocity  vectors  are 
presented.  A  is  mean  free  path  of  the  vapour  at  n,i 
and  T,\. 

Formation  of  the  two  main  ranges  of  the  flow  near 
the  interphase  is  obtained:  evaporation  part  and 
condensation  part.  The  convective  circulation  mo¬ 
tion  is  formed.  In  spite  of  evaporation  along  the 
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all  length  of  the  interphase,  vapour  flows  from  right 
side  of  the  surface  to  the  left  and  is  condensed.  The 
maximum  flux  velocity  is  0.4r*,  where  r*  =  y/RT^,. 
Therefore  this  problem  is  interpreted  as  the  recon¬ 
densation  problem  in  two-dimensional  statement. 

The  calculations  demonstrate,  that  rise  of  the  n,2 
from  5  to  10  gives  the  increase  of  the  average  density 
within  30%  only. 

The  investigated  problem  was  studied  in  another 
modification  also:  The  interphase  is  divided  in  the 
middle  on  two  parts  by  non-penetrable  surface  of 
different  width  S.  In  this  case  the  motion  of  the 
vapour  is  much  less.  Figures  will  be  presented 
in  21st  International  Symposium  on  RGD.  For  a 
example  the  maximum  flux  velocity  is  0.12r*  for 
S  =  1.67A  instead  of  the  value  0.4v*  for  the  case 
without  non-penetrable  middle  surface. 
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Employing  gas  kinetic  model,  formation  of  water 
vapor  dimers,  mixed  clusters  of  water  vapor  with 
sulfur  trioxide  and  possibility  of  formation  of  sulfu¬ 
ric  acid  in  aircraft  near  wake  is  studied. 

In-situ  measurements  of  combustion  products  emis¬ 
sion  during  flights  of  Concorde  in  lower  stratosphere 
uncovered  high  density  of  aerosols  of  small  size  and 
high  degree  of  conversion  of  fuel  sulfur  to  sulfuric 
acid,  which  did  not  correspond  to  numerical  simu¬ 
lations  based  on  classical  theory  of  nucleation  and 
eissumption  about  gas  phase  mechanism  of  H2SO4 
formation  [1].  Such  high  degree  of  conversion  of  fuel 
sulfur  to  H2SO4  could  be  achieved  if  inside  power- 
plant  sulfur  would  oxidize  to  sulfur  trioxide  SO3 
instead  of  sulfur  dioxide  SO2  as  current  combustion 
theory  predicts  [2]. 

In  present  study  numerical  simulations  of  fuel  com¬ 
bustion  in  SPS-2  powerplant,  with  nonequilibrium 
vibrational  excitation  of  molecular  hydrogen  H2 
taken  into  account,  were  performed.  Vibrational 
energy  of  H2  is  disactivated  in  nozzle  part  of  en¬ 
gine  primarily  by  vibrational-vibrational  W  ex¬ 
change  with  hydroxil  (OH)  molecules,  mole  frac¬ 
tion  of  which  is  small.  This  leads  to  substantial 
nonequilibrium  of  vibrational  energy  of  H2  and  sig¬ 
nificant  increase  of  speed  constant  K(T,Th,)  of  re¬ 
action  H2(i)  +  OH  H2O  -h  H  in  nozzle  part  and 
aircraft  near  wake.  Decrecuse  of  hydroxil  (OH)  level 
in  combustion  products  because  of  this  effect  leads 
to  decrea.se  in  production  of  SO3  and,  in  the  end, 
to  decrease  of  level  of  gaseous  sulfuric  acid  H2SO4 
in  aircraft  near  wake. 

An  alternative  to  gas  phase  way  of  H2SO4  forma¬ 
tion  according  to  (Calwest  J.G.,  Stockwell  W.R.) 
mechanism  is  cluster  one  [3] 

S03-|-(H20)2  -t  H2SO4+H2O 

S03  +  H20-fH20  H2S04-t-H20 

In  present  study  calculation  of  numerical  density 
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of  water  vapor  dimers  (H20)2  and  SO3  ♦  H2O  clus¬ 
ters  inside  supersonic  part  of  engine  and  near  wake 
of  supersonic  and  subsonic  aircraft  was  performed. 
For  calculation  of  numerical  density  of  clusters  gas- 
kinetic  model  [4]  was  used.  Cluster  dissociation 
constant  Ka,  was  found  using  monomolecular  de¬ 
cay  theory,  cluster  formation  constant  K  was  de¬ 
fined  using  equilibrium  constant  A'e,: 

A'e,  =  txp{Edi,l  RT),atm~^ ,  (1) 

where  Ea,  -  dissociation  energy,  6i  -  characteristic 
vibrational  temperatures  of  the  dimer.  Values  of 
characteristic  intermolecular  vibrational  tempera¬ 
tures  of  clusters  (H20)2  and  SO3  ♦  H2O  were  found 
using  ab  initio  molecular  orbital  method.  Equation 
(3)  was  used  to  find  the  standard  Gibbs  free  energy 
change  =  - RT  log  Ktq,  which  was  compared 
with  existing  experimental  data. 

Numerical  simulation  of  gas  dynamic  and  kinematic 
parameters  of  stationary  axisymmetrical  supersonic 
flow  with  mixing,  combustion  of  hydrocarbon  fuel 
and  clusterization  kinetics  taken  into  account  was 
performed  with  serial  method  using  parabolized 
Navier-Stokes  equations. 

Performed  calculations  have  shown  that  formation 
of  sulfuric  acid  H2SO4  in  aircraft  wake  occurs  pri¬ 
marily  in  cluster  channels  (l)-(2).  The  speed  of 
H2SO4  production  in  these  channels  is  by  several 
orders  of  magniture  greater  than  that  in  common 
gas  phase  way,  although  total  quantity  of  produced 
sulfuric  acid  depends  only  on  mole  fraction  of  sulfur 
trioxide  SO3  at  exit  from  aircraft  nozzle. 

In  conclusion  authors  express  their  gratitude  to 
prof.  M.N.  Kogan  for  his  interest  to  present  work 
and  valuable  comments  made  during  its  progress. 
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The  process  of  supersonic  condensation  has  been 
investigated  in  [1-3].  In  the  paper  [1]  the  surface, 
F(Ts,ns,T,n,  M)  =  0  which  determines  the  rela¬ 
tion  of  gas  parameters  outside  the  Knudsen  layer: 
temperature  T,  concentration  n  and  Mach  num¬ 
ber  M  to  surface  temperature  Tc  and  saturation 
vapour  concentration  ris,  was  obtained.  However, 
authors  of  [2]  have  demonstrated,  that  in  the  case 
of  supersonic  condensation  there  is  a  subspace,  not 
surface,  of  gas  parameters  in  the  space  T,n,M. 
Some  sets  of  gas  parameters  outside  the  surface 
F{Ts,ns.T,n,  M)  =  0  have  been  obtained  by  nu¬ 
merical  method  in  [2]. 

In  the  supersonic  condensation  regime  the  shock¬ 
wave  before  a  condensation  surface  may  exist.  The 
shock  wave  transforms  a  supersonic  flow  into  a  sub¬ 
sonic.  In  the  case  of  subsonic  condensation  such 
stationary  solutions  with  a  shock  wave  don’t  exist. 
The  coordinate  of  the  shock  wave  center  is  an  addi¬ 
tional  parameter.  This  parameter  brings  about  the 
transformation  of  admissible  parameter  ssurface  in 
the  case  of  subsonic  condensation  into  some  region 
of  admissible  parameters  in  the  case  of  supersonic 
condensation. 

In  present  work  the  problem  of  a  super.sonic  con¬ 
densation  of  a  molecular  gas  in  assumption,  that 
with  M  >  I  the  shock-  wave  type  structures  near  a 
surface  may  exist  is  considered.  To  describe  these 
structures  the  Mott-Smith  method  [4]  is  used.  The 
analogous  approach  has  been  applied  in  [3]. 

We  take  into  account  internal  degrees  of  freedom  of 
molecules  by  alteration  the  value  of  specific  heat  of 
the  gas.  The  influence  of  internal  degrees  of  freedom 
on  the  molecular  collision  dynamics  is  not  consid¬ 
ered.  This  approach  has  beendeveloped  by  Mott- 
Smitt  in  his  work  on  the  structure  of  a  shock  waves 
in  molecular  gases.  Lately  this  approachwas  ap¬ 
plied  to  the  problem  of  subsonic  condensation  of 
polyatomic  gases  [5]. 

In  accordance  with  [4]  the  volume  distribution  func¬ 
tion  of  molecules  for  one-  two-  and  three-atom 
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gases(i.e,  q=l,2,3)  has  the  following  form 


=  (2;^)  X 

f  m(r-u,y'l  ,,, 

’"’‘PI — ufTl  <’> 


t"  ti.)  =  ^ 


X  exp 


m(t7  -  t7,y  +  Iw 


2kTi 


■} 


(2) 


Where  1  is  momentum  of  inertia,  w  is  cyclic  fre¬ 
quency,  subscript  :  =  1  corresponds  to  gas  param¬ 
eters  outside  the  Knudsen  layer,  while  subscript 
j  =  2  indicates  parameter  inside  this  layer. 
Coefficients  a](x)  and  02(1)  mu.st  satisfy  the  follow¬ 
ing  conditions  at  infinity 


X -+ oc  :  O] (i)  =  Ml ;  02(1)  =  0  (3) 

The  generalised  Anisimov  [6]  boundary  condition 
for  distribution  function  f~  of  the  molecules  moving 
towards  the  surface  is  used 


Here  0  and  q  are  some  coefficients,  obeying  condi¬ 
tions 

a  >  0,  /?  >  0  (7) 


I4X 
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The  introduction  of  coefficient  a  permits  to  take 
into  account  the  possibilityof  evaporated  molecules 
to  return  to  the  surface  due  to  collisions. 

It  is  assumed,  that  the  distribution  function  of  evap¬ 
orated  molecules  {vx  >  0)  for  one-,  two-  and  three- 
atom  gases  has  the  following  form 

—  fsqy  >  0  (8) 

The  Boltzmann  equation  solution  for  the  function 
fvq  can  be  obtained  in  the  analogous  way  as  the 
Mott-Smith  solution  of  the  shock  wave  problem  [4]. 
For  Maxwell  molecules  the  corresponding  solution 
has  the  following  form 


01(2:)  = 


ni 


l-b  Ao  exp  {Lx) 


+  ni 


(9) 


02(2^) 


1  -f  j4o  exp  [Lx] 


(10) 


15  U;  (2  +  j)(4-bj) 

[(5  +  j)Mf-l](Mf-l)  M2  1 

[(b  +  j)M?  +  i  +  j]  Ml 

Here  Aq  is  integration  constant,  A  is  mean  free  path 
outside  the  Knudsen  layer,  j  =  0  for  one-atom 
gases,  j  =  2, 3  for  two-  and  three- atom  gases,  A 
and  K  -  the  constants,  describing  the  intermolecu- 
lar  interaction  [7]. 

In  the  case  Ao  >  0  the  solution  Eq.9,  10  describes 
the  shock  wave.  This  solution  exists  at  all  values 
of  variable  x.  But  in  the  condensation  problem  the 
solution  must  be  obtained  in  the  half-space  2;  >  0 
only.  So  we  must  require  the  analytic  behavior  of 
Eq.9  and  Eq.lO  expressions  in  the  half-space  x  >  0 
only.  The  last  condition  is  less  rigid  and  leads  to 
the  additional  interval  of  the  admissible  integration 
constant  values;  Aq  <  —1. 


The  laws  of  conservation  and  relation  Eq.7  im¬ 
pose  some  limitations  on  distribution  function  /„,. 
We  must  demand  also  that  the  concentration  of 
the  molecules  approaching  the  surface  is  positive. 
These  limitations  result  in  interception  of  the  range 
of  permitted  parameters  (subspace  in  the  space 
Ti/Ts,  Tii/us,  Ml),  in  which  the  solution  of  Boltz¬ 
mann  equation  exists.  This  range  in  Fig.l  (for 
Ml  =  1.1)  is  not  shaded. 

Solutions  of  shock-wave  type  [Aq  >  0)  are  ranged 
between  solid  curves  1  for  one-atom  gases,  dashed 
curve  2  for  two-atom  gases  and  dot-and-dash  curve 
3  for  three-atom  gases.  Solution  of  quasishock-wave 
type  {Ao  <  -1)  exists  in  the  ranges  above  and  be¬ 
low  that  of  shock-wave  type.  For  one-atom  gas  this 


solution  is  limited  by  curve  1’.  In  the  case  of  molec¬ 
ular  gas  this  curve  slightly  shifts  towards  the  range 
of  solutions  of  shock-wave  type. 
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In  the  majority  of  cases,  when  considering  flows 
of  rarefied  gases,  the  correction  terms  in  bound¬ 
ary  conditions  play  an  important  role,  for  example, 
in  the  Navier- Sokes  approximation.  For  flows  of 
rarefied  gases,  a  characteristic  features  is  the  pres¬ 
ence,  in  the  region  of  interface  between  the  phases, 
of  a  boundary  (Knudsen)  layer,  inside  which  the 
equations  of  fluid  dynamics  cannot  be  used,  and  it 
is  then  necessary  to  employ  the  Boltzmann  kinetic 
equation  to  describe  the  non-equilibrium  state. 

When  the  surface  has  an  arbitrary  shape,  a  ki¬ 
netic  description  of  gas  flows  encounters  consider¬ 
able  computational  difficulties,  since  the  problem  is 
then  no  longer  one-dimensional.  Calculations  for  a 
slightly  curved  interface  at  which  phase  transition 
may  occur  were  carried  out  previously,  but  only  for 
a  model  kinetic  equation  and  when  there  is  com¬ 
plete  accommodation  of  the  molecules  of  a  single¬ 
component  gas.  However,  even  when  solving  flow 
problems  using  the  Boltzmann  equation  one  can¬ 
not  always  give  a  clear  quantitative  description  of 
some  phenomena  because  of  the  lack  of  information 
in  the  majority  of  cases  regarding  the  nature  of  the 
interaction  between  the  gas  and  the  surfaces  over 
which  the  flow  occurs. 

Other  methods  of  constructing  the  boundary  con¬ 
ditions  for  rarefied  gases,  which  differ  from  the 
kinetic  method,  enable  the  main  features  of  the 
non-equilibrium  processes  at  interface  to  be  inves¬ 
tigated.  The  method  of  non-equilibrium  thermody¬ 
namics  is  convenient  from  this  point  of  view;  it  is 
enables  one  to  obtain  required  boundary  conditions 
constructed  in  this  way  can,  of  course,  only  be  cal¬ 
culated  by  solving  the  kinetic  equation  (or  obtained 
from  experiment).  However,  as  an  analysis  shown, 
the  majority  of  these  can  be  calculated  by  solving 
the  one-dimensional  problem. 

In  this  work  we  use  the  methods  of  non-equilibrium 
thermodynamics  to  obtain  the  boundary  conditions 
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for  a  binary  gas  mixture  at  a  surface  of  a  condensed 
phase,  where  one  of  the  components  may  undergo 
a  phase  transition. 

When  a  phase  transition  is  taken  into  account,  a 
number  of  new  effects  occur  in  the  boundary  condi¬ 
tions.  Thus,  in  addition  to  the  jump  in  temperature 
there  is  a  jump  in  the  vapor  pressure.  Unlike  the 
approximations  considered  previously,  the  pressure 
and  temperature  jumps  are  governed  not  only  by 
the  heat  and  ma.ss  fluxes  but  also  by  the  normal 
component  of  the  momentum  flux  and  by  rate  of 
deformation  of  the  surface  of  the  condensed  phase. 
The  motion  of  the  condensed  phase  also  give  rise  to 
stresses  in  the  Knudsen  layer  and  a  previously  un¬ 
known  form  of  gas  slip  on  surface  of  gas  transition. 
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Numerical  Analysis  of  Radial  Flow  betwen  Evaporating  and 
Absorbing  Co-Axial  Cylinders* 

E. M.  Shakhov 
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The  problem  on  steady  radial  flow  between  two  co¬ 
axial  cylinders  under  boundary  conditions  of  evap¬ 
oration  or  condensation  at  each  of  the  cylinders  is 
solved  for  the  kinetic  model  equation  by  finite  dif¬ 
ference  method.  The  numerical  algorithm  with  tak¬ 
ing  into  account  the  discontinuities  of  the  distribu¬ 
tion  function  in  phase  space  is  constructed.  To  es¬ 
timate  effect  of  the  discontinuities  on  accuracy  of 
the  solution  special  investigation  was  undertaken. 
The  paper  is  mainly  devoted  to  the  flow  from  in¬ 
ner  evaporating  cylinder  to  external  absolutely  ab¬ 
sorbing  cylinder.  Special  attention  is  paid  to  devel¬ 
opment  of  flow  close  to  evaporating  surface.  It  is 
of  particular  inportance  because  in  limiting  regems 
of  flow  (both  continuum  and  free  molecular)  gradi¬ 
ents  of  flow  parameters  are  equal  to  infinity  at  the 
surface.  When  the  distance  between  cylinders  in¬ 
creases  the  flow  becomes  close  to  the  limitimg  case 
corresponding  to  evaporation  into  vacuum. 

The  opposite  case  of  flow  from  external  evaporating 
cylinder  to  absolutely  absorbing  inner  one  is  studied 
as  well.  In  this  situation  the  purpose  is  to  describe 
the  flow  of  gas  from  infinity  where  it  is  at  rest  to 
absolutely  absorbing  cylindrical  sink.  The  bound¬ 
ary  conditions  at  the  external  cylinder  as  well  as  its 
position  is  chosen  in  an  appropriate  way. 
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1  Introduction 

The  kinetic  approach  to  model  phase  transition  into 
solids  at  their  fluctuation  stage  is  discussed  as  well 
as  the  mathematical  model  of  the  defect’s  cluster 
formation.  Computer  simulation  of  gases  bubbles 
(blisters)  into  solids  (or  pores  of  vacancies)  are  of 
interest  for  physical  and  technical  problems.  The 
blisters’  development  on  the  dielectrics  surfaces  can 
lead  to  the  degradation  of  optical  properties.  The 
blister  occurrence  into  metal,  contained  in  plasma 
discharge,  imposes  a  limit  of  the  ions  solubility  into 
crystal  lattice.  The  blistering  investigation  presents 
also  an  interest  as  a  phase  transition  at  its  fluctua- 
tional  stage  in  system  “the  flow  of  vacancy’s  or  ion’s 
-lattice-cluster” is  progressing  together  with  the  oc¬ 
currence  of  non-  stable  state  of  solids. 

The  model  of  interacting  Brownian  particles  with 
alternatingvariable  masses  m{t)  (in  result  of  fluc¬ 
tuation  changes  of  physical  parameters)  is  used. 
The  description  of  Brownian  motion  /BM/  is 
made  in  terms  of  equations  of  the  mathemat¬ 
ical  physics  (Fokker-Planck-Kolmogorov  /FPK/ 

,  Boltzmann.  Smolukhovsky-Kramers  /SK/)  and 
equivalent  equations  of  the  stochastic  analog  (the 
stochastic  differential  equation  Ito)  /SDE/.  The 
Ito  SDE,  which  has  been  earlier  used  for  simula¬ 
tion  of  non-eciuilibrium  physical-chemical  processes 
in  gase.s  and  plasmas  [1],  are  formulated  now  for 
microdynamics  of  the  clusters.  The  distribution  of 
clusters  according  to  their  sizes  is  determined.  The 
action  of  external  and  self-consistent  forces  in  the 
system  is  taken  into  account. 

Of  special  interest  is  the  study  of  thermodynamic, 
kinetic  and  correlation  properties  of  condensed 
phase  found  near  the  point  of  phase  transition  and 
of  the  critical  state  points.  The  role  of  the  fluctua¬ 
tions  could  be  clarified  by  stochastic  model  modifi¬ 
cation  for  Smolukhovskii-Kramers  equation.  Here 
we  have  comen  up  against  the  problem  of  two- 
dimensional  Markov  process  realization.  Let  us  for¬ 
mulate  1)  the  physical  model  of  the  fluctuational 
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stage  of  clusterization  into  solids,  2)  the  kinetic 
equations  of  the  model,  3)  its  stochastic  analogs 
-SDE,  associated  with  BM,  applied  to  the  dynamic 
of  cluster  formation  into  lattice  4)  the  results  of 
the  both:  investigation  of  the  BM  as  a  oscillators 
behavior  with  non-linear  and  distribution  with  size 
and  instant  time  of  the  blister  origin  into  metal,  di¬ 
electrics  or  layer  structure  on  the  base  of  solution 
SDE,  responsible  to  Marcovian  processes  /MP/  ap¬ 
proximation. 

Model  of  the  fluctuation  stage 
of  the  defect’s  cluster  formation 

The  initial  state  of  the  phase  transition  in  vapor-gas 
mixture  is  considered  as  a  collection  of  different  size 
clusters  situated  into  gas.  The  chaotic  molecules  are 
able  to  encounter,  to  stick  together  and  to  coagu¬ 
late  to  the  two-  (three-  and  more)  particles  aggre¬ 
gates.  Simultaneously  the  reverse  process  of  evapo¬ 
ration  occurs.  Fluctuations  in  the  number  of  parti¬ 
cles,  which  compose  the  cluster,  are  investigated  as 
a  one-dimensional  Markov  process.  In  general  oc¬ 
casions,  as  a  first  step  of  modelling,  if  vacancy  has 
been  localized  into  metallic  crystalline  lattices  posi¬ 
tion  (  or  into  interstitial)  and  the  state  of  the  lattice 
does  not  change  principally.  The  analogy  between 
coagulating  water  vapor  and  “lattice  gas”  of  vacan¬ 
cies  has  been  used.  The  defect  into  lattice  is  equal 
to  water  drop  as  well  as  gas  molecules  are  similar 
to  lattice  vacancies.  Vg  is  the  radius  of  a  cluster  or 
the  spherical  BP,  consisting  of  g  particles. 

Kinetic  equation  The  evolution  in  time  the  BP 
distribution  function  /DF/  can  be  described  as: 

dfiv,r,t)  df{v,f,t)  F(f,t)df(v,f,t) 

dt  dr  ^  m  dv  ~  ^  ^ 

Ir(v,f,t)  + 

F{f,t)  =  Fo-n-^  j  W{\r  -  r'\)f{v,f,t)dr'dv' 

Here  Ir(v,f,t)  and  /„(t;,f, t),  both  represent  the 
motion  of  BP  in  v,  r-phase  space. 
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vacancy  into  bubble 


An  L  Jattice^s.  reaction 
'An  is  the  cluster 

dissolving  of  vacancy  ^  vacancy(monomer) 

Ai  +  fl  ^  A2 

An-i  +  a  ^  An 


Table  1:  The  model  of  the  defect’s  clusterization. 


W{\r-r'\  =  Wry)  and  F{f,t)  are  the  potential  en- 
ergie  and  macroscopic  force,  respectively.  The  equa¬ 
tion  (2)  with  7„  (for  simplicity,  without  account  Ir 
part)  is  transformed  to  the  FPK  equation. 


Stochastic  model  and  FPK  equation  A  con¬ 
tinuous  one-dimensional  Markov  process  in  {G}- 
space  is; 


{5(<),#>0},  <7€[2,{G}),<€(0,oc.)  (2) 

g(t  =  0)=go  (3) 


In  this  process  a  particle  joins  the  cluster  or  vapor¬ 
ized  from  its  surface  {Ag  =  ±1).  The  problem  in 
terms  of  FPK  equation,  which  is  for  f{g,t)  the  Kol¬ 
mogorov  equation  was  formulated,  related  with  the 
Folmer-Zel’dovich  problem  of  the  non  steady  state 
fluctuation  formation  description  using  the  follow¬ 
ing: 


±±[D{g,t)f(g,t)^{A^g,t)}]. 


(4) 

(5) 


Here  f(g,t)dg  is  the  number  of  clusters  in  a  size 
interval  [g,g  -|-  A5]  in  a  unit  volume  V,  A^{g,t) 
is  the  thermodynamic  potential  or  free  energy  of 
cluster  formation.  This  function  can  be  approx¬ 
imated  by  the  power  series  in  the  cluster  size: 
(A4>  =  -(a  +  c)g  -I-  bg^/^),  D  =  D{g,t,p,T)  is  a 
diffusion  coefficient  D(g,t,p,T),  it  depends  on  both 
temperature  T  and  gas  pressure  p,  the  dependence 
on  cluster  size  g  is  {D  9^^^)  Ito  SDE  with  dW- 
Wiener  stochastic  process  have  a  form: 


dXt  =  H(X{t))dt  +  <T{X{t))dWt 
Xt=o  =  Xo,t  6  [to,T], 


(6) 


The  stochastic  simulation  method  defines  con¬ 
cretely  the  procedure  of  the  stochastic  integral  cal¬ 
culation  and  fulfills  the  requirements  of  bounded¬ 
ness  and  smoothness  of  SDE  coefficients.  The  im¬ 
portant  points  in  computer  simulation  experience 
are  the  “standard  white  noise”  approximation  and 
the  choice  of  the  time  interval  needed  for  the  SDE 
stochastic  integral  calculations. 

The  solution  of  SDE  sets  (7)  for  the  given  initial 
and  boundary  conditions  is  to  be  interpreted  in 
a  mean  square  sense.  At  the  same  time  we  use 
the  set  of  random  process  trajectories  (i),  provid¬ 
ing  the  estimate  of  the  random  values  mathemat¬ 
ical  expectation,  M(p)  =  9i  parti¬ 

cle  size  dispersion  0(5),  determined  as:  T>{g)  = 
-  g)^,  g  =  M{g)  to  analyze  the  one- 

particle  DF. 

Ito-Stratonovich  SDE  SDE  for  Fol’mer- 
Zel’dovich  problem  has  form [2]: 

/ 1?  = 

I  to  <  <  <  Tfc,  g(to)  =go,t€  [to,Tk],  g{t)  >  2 
-  . 

where  ^(t)  is  a  standard  “white  noise”  process  of 
unit  intensity. 

The  computer  simulation  of  this  model  gives  the 
possibility  to  investigate  the  fluctuational  stage  of 
the  first  order  phase  transition.  Moments  of  DF 
f{g,  t)  are  as  follows: 


j*oo 

NUt)  =  J  f(g,t)dg, 

(8) 

g^f(g,t)dg, 

(9) 

Here  Nl  and  qi  are  the  total  cluster  number  and 
concentration  of  the  clusters,  respectively. 

The  results  of  computer  simulation  devoted  to  the 
case  of  Tfe-ions  penetration  into  A^i-lattice  depend 
of  the  set  of  physical  parameters. 

The  work  is  partly  supported  by  the  Russian  Foun¬ 
dation  for  Fundamental  Research,  grants  97-02- 
17627  and  96-02-17640. 
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1  Introduction 

The  homogeneous  nucleation  is  extraordinary  sensi¬ 
tive  to  temperature  change.  Therefore  it  is  interest¬ 
ing  to  find  out  effect  of  the  small  temperature  pul¬ 
sations  on  the  processes  of  gomogeneous  nucleation 
and  vapor  condensation.lt  is  proposed  that  temper¬ 
ature  of  the  mixture  of  the  supersaturated  vapor 
and  the  noncondenced  gas  has  the  small  pulsations 
relatively  to  its  average  mean.  It  is  proposed  also 
that  the  nucleation  rate  corresponds  to  the  instant 
temperature  at  the  any  frequency  of  pulsations.  It 
may  be  prove  that  influence  of  pressure  and  va¬ 
por  concentration  pulsations  may  be  neglected  in  by 
comparison  with  temperature  pulsations  at  a  first 
approximation. 

It  was  considered  large  and  small  supersaturating 
ratio.  It  was  founded  the  expression  for  average  nu¬ 
cleation  rate  by  the  large  supersaturating  ratio.  In 
its  the  pulse  part  is  in  proportion  to  average  square 
of  relatively  pulse  temperature,  that  is  the  average 
nucleation  rate  is  not  depended  on  sign  of  tempera¬ 
ture  deviation  from  its  average  significance.  It  was 
obtained  the  formula  for  the  nucleation  rale  with 
negative  deviation  of  temperature  for  the  small  su¬ 
persaturating  ratio.  The  nucleation  rate  is  zero  for 
positive  deviation  of  temperature  for  the  small  su¬ 
persaturating  ratio.  It  was  founded  the  condition 
for  application  of  obtained  formulas 
It  was  made  numerical  estimates  on  base  of  ob¬ 
tained  results.  It  was  demonstrated,  that  the  nu¬ 
cleation  rate  may  be  increase  on  50-100%  for  the 
large  supersaturating  ratio  with  temperature  pulse 
take  into  account,  and  that  nucleation  rate  increase 
considerably,  when  temperature  deviation  is  nega¬ 
tive  for  the  small  supersaturating  ratio.  Thus  in¬ 
fluence  of  temperature  pulse  on  the  nucleation  rate 
decrease,  when  the  supersaturating  ratio  increase. 
Besides  that,  when  nucleation  rate  increesed  with 
small  supersaturation,  it  may  be  proposed,  that  the 
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condensation  process  with  temperature  pulse  start 
more  early  then  it  take  please  without  temperature 
pulse.  Its  corresponds  with  literature  data  of  other 
authors  (see  review  [1])  qualitatively. 

2  Calculations  and  Results 

The  algoritm  and  computer  code  was  realised  for 
solution  of  the  system  of  gasdynamic  and  condensa¬ 
tion  equations  with  use  of  the  results  for  nucleation 
rate  with  temperature  pulse.  The  test  solutions 
were  maked  for  the  condensation  process  in  caesium 
vapor  and  argon  mixture  for  flow  in  wedge-formed 
nozzle.  The  temperature  of  the  mixture  has  the 
small  (amplitude  =  ±5%)  random  pulsations.The 
stop  parametrs  were  choosen  for  the  condensation 
process  in  supersonic  region  of  nozzle.  Results  are 

given  on  Figures.  The  dashed  lines  on  all  Figures 
mentioned  the  results  of  evaluations  without  tem¬ 
perature  pulse  and  the  solide  lines  -  with  tempera¬ 
ture  pulse.  From  Figure  1  -  Figure  4  it  is  follow,  that 
calculation  with  temperature  pulse  displace  conden¬ 
sation  region  to  meet  flow.  The  concentration  of  the 
drops  (  Figure  2)  with  temperature  pulse  is  smaller, 
then  without  pulse,  and  average  radius  (  Figure  3) 
-  is  larger.  The  degree  of  condensation  (percentage 
ratio  of  the  mass  of  the  drops  to  the  initial  mass  of 
vapor.  Figure  4)  for  both  variants  in  condensation 
region  is  identical.  The  distributional  function  of 
radius  drops  (Figure  5)  with  temperature  pulse  in 
flow  have  a  look  of  the  S  -  function  set. 
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On  Photophoresis:  The  Optical  Properties  of  Model  Aerosol 

Particles  Measurements  * 
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Physics  Department,  Ural  State  University,  Ekaterinburg,  Russia. 


1  Introduction 


2  Theory 


The  aerosol  particle  photophoresis  phenomenon 
consists  in  occurrence  of  force  acting  on  a  particle 
in  an  optical  radiation  field  and  which  is  growing 
out  of  gas  interaction  with  non-uniform  heated  par¬ 
ticle  surface.  Photophoresis  represents  the  certain 
fundamental  interest  as  an  object  of  rarefied  gas 
kinetic  theory  application.  There  are  many  difficul¬ 
ties  at  the  experimental  check  of  existing  theories. 
The  majority  of  experiments  leave  a  significant  ar¬ 
bitrariness  at  comparison  with  the  theory  because 
of  number  essential  parameters  uncertainty.  Par¬ 
tially  these  difficulties  are  eliminated  in  model  ex¬ 
periment:  the  particle  of  real  size  is  replaced  with 
macroscopic  one,  but  the  measurements  carried  out 
at  lower  gas  pressures  to  ensure  the  same  rarefaction 
(same  Knudsen  numbers).  Such  approach  opens 
wide  opportunities  to  study  gas  dynamic  aspect  of 
photophoresis.  All  necessary  parameters  such  as 
thermal  conductivity,  factor  of  radiation,  factors 
of  light  absorption  and  temperature  asymmetry  of 
model  particle  surface  can  be  obtained  with  suffi¬ 
cient  accuracy.  Besides,  there  always  is  an  opportu¬ 
nity  to  give  a  particle  the  required  shape.  The  par¬ 
ticle  grounding  through  suspend  string  provides  ab¬ 
sence  of  non-compensated  electric  charges  capable 
to  influence  on  gas  molecules  interaction  with  parti¬ 
cle  surface.  Macroscopic  sizes  of  a  model  particle  al¬ 
low  using  non-monochromatic  radiation  source.  In 
this  case  a  geometrical  optics  limit  is  realized,  where 
the  factors  of  absorption  and  asymmetry  of  tem¬ 
perature  are  not  sensitive  to  change  of  diffraction 
parameter  (ratio  of  particle  radius  to  incident  radi¬ 
ation  wavelength).  The  represent  work  is  devoted  to 
estimation  of  model  aerosol  particles  integral  opti¬ 
cal  properties  (factors  of  ab-sorption  and  asymmetry 
of  temperature  of  a  surface). 
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The  solution  of  kinetic  equation  with  the  collision 
integral  in  form  of  S-model  for  the  photophoretic 
force  acting  the  sphere-shaped  particle  in  parallel 
light  beam  (wavelength  and  polarization  are  arbi¬ 
trary)  is  the  following  [1]: 

here  m  -  gas  molecule  mass,  T  -  equilibrium  gas 
temperature  far  from  particle,  lo  ~  incident  light 
intensity,  /  -  some  function  of  accomodation  coeffi¬ 
cients  a,  ,  A  -  ratio  of  thermal  conductivity  of  par¬ 
ticle  Ap  and  gas  Ay,  Kn  -  Knudsen  number  based 
on  particle  radius  Rq.  The  most  difficult  is  the  eval¬ 
uation  of  temperature  asymmetry  factor  Jj: 


1  » 

Ji  =  Znkp  j  x^dx  J cos6sm6B(x,0)d0,  (2) 
0  0 

here  r  -  |  r  |  /Ro  ,  r  -  radius  vector  with  origin 
in  the  particle  center,  r  -  diffraction  parameter,  p 
and  k  -  real  and  imaginary  parts  of  particle  com¬ 
plex  refraction  index,  $  -  azimuth  angle.  Enough 
complicated  function  B(x,0)  characterizes  the  elec¬ 
tromagnetic  field  inside  the  particle  and  depends 
on  particle  shape  and  optical  properties.  In  many 
cases  any  data  on  the  complex  refraction  index  of 
the  particle  is  absent. 

However,  it  is  possible  to  obtain  the  value  of  Ji  from 
the  temperature  distribution  measurements  on  the 
particle  surface.  Temperature  gradient  appeared  on 
the  particle  surface  as  a  result  of  light  absorbtion, 
heat  transfer  inside  particle  and  gas-surface  inter¬ 
action  can  be  written  in  series: 


T.[0)  =  T  +  Yi 
1  =  0 


Jo  Ji  Pi  (cos  0) 

A  "h  -h  IXp/Ro 


(3) 


here  Pi  -  Legendre  polynomial,  <t  -  Stephan  -  Boltz¬ 
mann  constant,  e  -  radiation  coefficient  of  the  par¬ 
ticle,  and  A  characterizes  gas-surface  interaction. 
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3  Experiment 

The  present  research  purpose  is  improvement  of  the 
model  method  offered  by  Tong  [2],  and  Bogolepov 
[3]  to  obtain  reliable  results  for  photophoretic  force. 
It  is  possible  to  make  the  following  conclusions  from 
analysis  of  the  named  works  results.  It  is  neces¬ 
sary  to  refuse  from  hollow  particles,  covered  with 
soot.  Certainly  just  on  a  surface  of  such  particles 
the  greatest  temperature  gradient  can  be  obtained, 
so  the  photophoretic  force  measurements  will  be 
easier.  However  error  brought  in  by  thermal  con¬ 
ductivity  uncertainty  of  such  particles  essential  sur¬ 
passes  than  force  measurement  error  brought  in  by 
torsion  balance  with  electrostatic  compensation  of 
photophoretic  force.  As  a  result  of  soot  layer  degra¬ 
dation  in  vacuum  conditions  continuous  change  of 
particle  thermal  and  optical  properties  during  ex¬ 
periment  take  place,  therefore  results  of  such  ex¬ 
periment  are  not  suitable  for  comparison  with  the 
theory.  The  particles  with  thermal  conductivity  less 
than  10  Watt/m  K  and  factor  of  light  absorption 
not  less  than  0,5  are  most  preferable.  Experimental 
equipment  consists  of  large  vacuum  chamber  (about 
0.5  m^).  Vacuum  system  provides  wide  range  of 
gas  pressures  (the  lower  limit  10-6  torr).  Surface 
temperature  measured  by  means  of  six  thermocou¬ 
ples  fixed  in  different  places  on  the  particle  surface. 
Temperature  distribution  measurements  provided 
with  spherical  black  glass  and  graphite  particles  in 
air  in  wide  range  of  Knudsen  numbers  (0.013^66) 
and  light  intensities  (1600 -r  3000lV/m^).  Thermo¬ 
couples  influence  was  properly  accounted.  A  fila¬ 
ment  lamp  with  known  emission  spectrum  and  colli¬ 
mator  used  as  a  parallel  light  beam  source.  To  eval¬ 
uate  the  light  intensity  simple  but  reliable  method 
W2is  developed.  A  possibility  to  measure  light  in¬ 
tensity  at  any  time  in  vacuum  chamber  in  the  place 
the  model  particle  situated  was  achieved. 


4  Results 

The  following  values  for  absorbtion  factor  Jo  and 
temperature  asymmetry  factor  Jj  were  obtained  for 
black  glass  particle  Jo  =  0.72 ±0.08,  Ji  =  -(0.41  ± 
0.06)  in  free  molecular  region;  Jo  =  0.73  ±  0.07, 
Ji  =  —(0.43  ±  0.04)  in  viscous  with  sliding  region. 
For  graphite  particle  Jo  =  0.7  ±  0.1,  Ji  =  —(0.48  ± 
0.05)  in  free  molecular  region  and  Jo  =  0.8  ±  0.1, 
Jj  =  —(0.45  ±  0.06)  in  viscous  with  sliding  region. 
The  temperature  distributions  on  a  glass  particle 
surface  and  curve  designed  on  (3)  in  view  of  the 
two  first  items  of  a  series  are  submitted  at  figure  1 . 
The  obtained  values  of  the  factors  of  absorption 


Figure  1:  Temperature  distribution  on  black  glass 
particle  surface  at  light  intensity  954  W/rn^  and 
Kn=66  in  comparison  with  theoty 


and  temperature  asymmetry  are  in  good  accor¬ 
dance  with  theoretical  predictions.  Their  concur¬ 
rence  within  the  limits  of  an  error  in  free  molecu¬ 
lar  and  viscous  with  sliding  regions  allows  to  make 
a  conclusion  about  suitability  of  the  offered  tech¬ 
nique  of  model  particles  optic  properties  definition. 
The  present  results  allow  to  calculate  photophoretic 
force  for  real  aerosols  in  a  geometrical  optics  limit  in 
a  wide  range  of  radiation  intensities  and  Knudsen 
numbers.  The  further  application  of  model  parti¬ 
cles  optical  properties  definition  technique  in  the 
photophoretic  force  measurement  is  planned. 
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The  new  DLR-High  Vacuum  Test  Facility  STG 
enables  an  experimental  investigation  of  typical 
thruster  plumes  as  prerequisite  to  determine  distur¬ 
bance  effects  of  thruster  firing  like  e.g.  perturbing 
forces  and  moments,  excessive  heat  loads,  and  con¬ 
tamination).  Its  main  feature,  a  large  liquid  helium- 
driven  cryopump  allows  the  undisturbed  plume  gas 
expansion  into  the  highly  rarefied  regime  including 
the  backflow.  Because  of  the  very  low  number  den¬ 
sities  (n  <  10^^  cm”^)  in  these  regions,  as  an  ap¬ 
propriate  measurement  technique  the  highly  sensi¬ 
tive  spectroscopic  method  REMPI  (Resonance  En¬ 
hanced  Multi-Photon  Ionization)  is  applied  to  ob¬ 
tain  multiphoton  spectra.  This  method  delivers  a 
precise  determination  of  the  most  important  plume 
flow  characteristics,  namely  the  temperature,  the 
density,  and  gas  velocity. 

Since  in  the  experiments  thruster  nozzles  and  sonic 
orifices  with  various  test  gases  {N2  and  H2  as  two 
essential  components  of  thruster  plumes)  instead 
of  real  propellants  are  used,  the  rotational  tem¬ 
perature  of  nitrogen  has  been  investigated  by  2-t-2 
REMPI  (Figure  1),  Lyman-Birge-Hopfield  system  : 


region).  A  comparison  between  experiment  and 
theory  along  the  centerline  of  the  sonic  orifice  ex¬ 
pansion  flow  presents  good  agreement.  The  study 
opens  the  possibility  of  predicting  accurately  the 
flow  quantities  in  the  off-axis  plume  flow  using  this 
spectroscopic  technique. 
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Figure  1:  nR-t-m  REMPI 


=  1,2,3,  and  =  0) 

employing  an  excimer- pumped  pulsed  dye  laser  (13 
ns  pulses  at  283  nm  and  0.2cm“*  bandwidth). 
Reliable  rotational  temperature  data  are  obtained 
from  REMPI  spectra  using  graphical  (Boltzmann 
rotational  population  distribution)  or  deconvolu¬ 
tion  methods.  Both  methods  are  applied  to 
plume  and  to  orifice  flow  with  its  different  flow 
types  (continuum  to  free  molecular  flow,  isentropic 
core/boundary  layer  expansion  into  the  backflow 
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Propagation  of  medium  energy  electrons  (10  -  20 
ke\0  in  carbon  dioxide  was  studied  for  application  to 
the  Electron  Beam  Ruorescence  (EBF)  technique' 
with  CO2  as  a  rarefied  gas  dynamic  diagnostic  tool.  A 
collimated  (1  mm  nominal  diameter)  electron  beam  at 
energies  of  10,  IS,  and  20  keV  was  injected  into  a 
vacuum  chamber  containing  ambient  CO2  maintained 
at  pressures  of  50,  100,  200,  400,  600  and  800  mTorr. 
Through  deconvolution  of  recorded  two-dimensional 
images  of  the  emitted  fluorescence,  the  growth  of  the 
root-mean-square  (rms)  radius  of  the  electron  beam 
was  obtained  as  a  function  of  axial  distance  An 
empirical  form  of  the  differential  scattering  cross- 
section  from  Center^,  which  includes  the  contributions 
of  both  elastic  and  inelastic  collisions  between  fast 
electrons  and  CO2  molecules,  was  used  in  single 
scattering*,  multiple  scattering^  and  scattering 
envelope*  models  developed  for  describing  the 
electron  distribution  along  the  electron  beam  Total 
scattering  cross  sections  obtained  by  integrating  the 
differential  scattering  cross  section  are  presented  in 
Table  1  for  electron  beam  energies  of  10,  15,  and  20 
keV.  The  rms  radius  of  the  electron  beam  calculated 
from  imaging  of  the  electron  beam  fluorescence  is 
presented  in  Fig.  1  for  a  20  keV  electron  beam  along 
with  a  comparison  with  single  scattering,  multiple 
scattering  and  scattering  envelope  models.  The  rms 
data  for  all  pressures  are  presented  in  terms  of  the 
target  thickness  in  units  of  Torr-cm. 

The  envelope  model  under  estimates  the  radius  at  low 
target  thickness  (below  2  Torr-cm)  and  overestimates 
the  rms  radius  at  higher  target  thickness.  The 
multiple  scattering  model  also  overestimates  the  rms 
radius  at  target  thickness  above  2  Torr-cm  Although 


the  single  scattering  model  slightly  underestimates  the 
beam  rms  radius  for  the  10  and  15  keV  data  at  large 
target  thickness,  for  the  20  keV  data  it  does  well  in 
predicting  the  rms  radius  over  the  range  of  target 
thickness.  The  single  scattering  model  can  be  used  to 
predict  the  electron  beam  disperse  in  carbon  dioxide 
at  a  variety  of  beam  energies  and  CC)2  gas  pressures 
up  to  a  target  thickness  on  the  order  of  10  Torr-cm. 
For  target  thickness  on  the  order  of  100  Torr-cm  or 
higher,  a  multiple  scattering  model  which  assumes  a 
Gaussian  scattering  distribution  would  be  more 
appropriate.  Between  the  single  scattering  and 
multiple  scattering  limits,  a  Direct  Simulation  Monte 
Carlo  (DSMC)  simulation  of  the  electron  beam 
propagation  is  the  preferred  approach.  Such  a  method 
has  been  used  previously  by  Center^  in  his  study  of 
differential  scattering  cross-sections. 
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Table  L  Total  scattering  cross-sections  for  an  electron  beam 
propagating  through  caibon  dioxide  at  energies  of  10  keV,  15 
keV,  and  20  keV. 


Beam  Energy 
(keV) 

10 

15 

20 

fT(xlO‘‘’  cm^) 

3.7 

2.5 

1.9 

Target  Thickness  (Torr-cnn) 


Figure  1.  Comparison  of  experimental  data  and  scattering  models  of 
the  rms  radius  of  an  electron  beam  propagating  through 
carbon  dioxide  at  a  beam  energy  of  20keV. 
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1.  Introduction 

Actinometty  has  proven  to  be  a  convenient  tool  for 
measuring  dissociation  rates  in  oxygen  glow 
discharges  [1].  It  is  expected  that  this  technique  could 
be  applied  to  arc-jet  conditions  [2],  The  principle  lies 
on  the  analysis  of  two  emission  lines,  one  of  atomic 
oxygen  and  one  of  argon,  which  is  introduced  as  a 
trace  in  the  gas  of  interest.  The  c\’aIuation  of  the 
oxygen  dissociation  rate  is  then  straightforward, 
provided  that  a  number  of  assumptions  are  satisfied. 
The  first  assumption  is  obviously  that  the  small 
amount  of  argon  does  not  disturb  significantly  the 
properties  of  the  plasma. 

2.  Experimental 

The  arcjet  generator  (wind  turuiel  SRI  (3])  is  operated 
as  follows  The  arc  is  produced  in  a  the  converging 
part  of  a  convergent-divergent  nozzle.  The  arc  current 
is  100  A  under  66  V.  The  gas  used  is  air  with  2  %  of 
argon  at  a  flow  rate  of  15  1/min.  Argon  lines  are  not 
clearly  observed  for  lower  concentrations  and  it  is 
checked  that  the  intensity  of  the  oxygen  lines  are  not 
affected  by  such  an  amount  of  argon. 

Two  different  diagnostics  arc  made,  as  a  function  of 
the  axial  distance:  the  measurement  of  the  emission 
line  intensities,  and  the  measurement  of  axial  electron 
temperature  and  density,  thanks  to  an  electrostatic 
probe.  Optical,  as  well  as  electrostatic  measurements 
are  carried  out  at  distances  2.3,  3.4,  5,  10  cm  from  the 
nozzle  exit. 

3.  Actinometry  procedure 

The  lines  *P  *S  at  777  nm  for  atomic  oxygen,  and 
2pj  ->  Isj  at  750  nm  for  argon,  are  analysed  The 
ratio  of  their  intensities  can  be  directly  related  to  the 


dissociation  rate  (with  respect  to  the  ground  state:  O 
stands  for  O^P)  through: 

1777  ,  1  [O] 

1750  CjPl  [®2] 

provided  that  the  production  of  the  excited  state  0(^P) 
from  a  dissociative  excitation  process  can  be  neglected 
(1).  The  factor: 

c2p,  hv7S0  A^}*’  lAf  k^P'  [Ar] 

ZAfjP'+k^P'lMaJkr  (O2] 

has  to  be  considered  as  a  constant  throughout  the 
experimental  measurements.  The  Ajj  are  the 

transition  probabilities,  kg  are  the  quenching  rate 
constants  in  the  interaction  with  Mj  molecules  (Oj 
and  N:),  kg  the  rate  coefficients  for  the  direct 
electronic  excitation  process.  The  quenching  rates  kg 
are  taken  from  [1,2].  The  excitation  rate  constants  kg 

are  determined  from  the  corresponding  cross  sections 
(1).  the  electron  temperature,  and  the  electron  energj' 
distribution  function  f(E),  as  obtained  from 
electrostatic  probe  measurements: 

f2e'i^  * 

ke  =  —  JEcr(E)f(E)dE 

^  1"  ^  thr 

One  difficulty  for  applying  the  actinometry  technique 
for  plasma  jets  is  that  the  absolute  local 
concentrations  [02]  and  [Ar]  are  unknown. 
Nevertheless,  as  far  as  the  dissociation  rate  is  low 
enough  in  the  jet,  and  because  the  signal  viewed  by 
the  spectrometer  is  integrated  along  a  diameter  of  the 
plasma  jet  cross  section,  the  relative  concentrations 
can  be  assumed  as  conserved  and  given  by  the  inlet 
gas  mixture  In  the  present  state  of  the  experiments, 
the  radial  intensity  profiles  have  not  yet  been 
extracted,  and  it  must  be  assumed  that  these  profiles 
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are  the  same  for  argon  and  atomic  oxygen.  Then,  the 
ratio  [Ar]/[02]  on  the  axis  can  be  considered  as  equal 
to  0.02.  Also,  the  absolute  local  concentration  [O2] 
should  be  known.  In  a  first  step,  it  will  be  considered 
as  a  variable  for  the  determination  of  . 

4.  Results  and  Conclusion 

In  Figs.  I  and  2  are  reported  the  measured  axial 
electron  ternperamre  and  electron  density,  as  a 
function  of  the  axial  distance.  The  corresponding 

values  of  Cjp*  are  shown  in  Fig.  3,  as  a  function  of 

[O2].  It  appears  that  is  constant  in  a  wide  range 
of  [O2]  including  the  experimental  conditions;  then, 
the  absolute  value  of  this  local  concentration  is  not 
needed.  On  the  other  hand,  Cjp*  is  rather  sensitive  to 

the  electronic  temperature,  but  this  one  is  roughly 
constant  in  the  range  of  the  measurements.  So,  it  can 
be  concluded  that,  in  the  present  experimental 
conditions,  the  ratio  (0]/[02]  is  given  by: 

=  0.024^ 

I7S0 

The  results,  converted  into  dissociation  rates,  are 
given  in  Fig.  4.  It  is  noteworthy  that  the  dissociation 
rates  are  of  the  order  12-15%;  it  may  be  considered 
that  these  values  are  consistent  with  the  assumption  of 
a  weak  dissociation,  so  that  the  relative  error 
introduced  by  this  assumption  on  the  rate  is  of  its 
order  of  magnitude.  The  slight  increase  up  to  an 
asymptotic  value  may  appear  somewhat  questionable, 
within  the  expected  error  bars. 

References 

[IJ  D.  Pagnon,  J.  Amorim,  J.  Nahomy,  M.  Touzeau, 
and  M.  Vialle,  J.  Phys.  D  Appl.  Phys.  28,  1856 
(1995) 

[2]  S.  Bouillon,  Thesis,  Universite  de  Limoges  (1995) 

[3]  V.  Lago,  M.  de  Graaf,  X.  Duten,  S.  Hulin,  and  M. 
Dudeck,  27th  AIAA  Plasmadynamics  and  Lasers 
Conference,  June  1996,  New  Orleans,  USA,  AIAA 
paper  96-2302 

[4]  P.J.  Dagdigian,  B.E.  Forch,  and  A.W.  Miziolek, 
Chem.  Phys.  Lett.  148,  299  (1988) 


M 

[02] 


Fig.  1  Measured  electron  temperature  as  a  function  of 
axial  distance 


Fig.  2  Measured  electron  density  as  a  function  of  axial 
distance 
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Fig.  3  Values  of  the  constant  Cjp*  as  a  function  of 
(O2]  and  Tg 


Fig.  4  Dissociation  rate  [0^P]/[02]  as  a  function  of 
axial  distance 


I65 


Instrumentation  and  Diagnostics  -  ID  P 


Fundamental  Study  of  REMPI  as  a  Measurement  Technique 

for  Rarefied  Gas  Flow  * 

H.  Mori,  T.  Ishida,  S.  Hayashi,  T.  Niimi 
Dept,  of  Electronic-Mechanical  Engineering,  Nagoya  University,  Japan 


1  Introduction 

So  far,  to  measure  thermodynamic  variables  in  rar¬ 
efied  gas  flows,  Pitot  and  Patterson  probe  have  been 
employed,  but  it  has  been  pointed  out  that  these 
probes  induce  disturbances  in  the  flows  and  have 
long  response  time.  On  the  other  hand,  the  neces¬ 
sity  of  non-intrusive  measurement  of  the  thermody¬ 
namic  variables  has  motivated  the  development  of 
optical  techniques,  such  as  electron  beam  fluores¬ 
cence  (EBF)[1],  laser  induced  fluorescence  (L1F)[2], 
coherent  anti-Stokes  Raman  scattering  (CARS)[3]. 
However,  these  techniques  based  on  detection  of  flu¬ 
orescence  or  scattering  light  can  not  be  applied  to 
a  highly  rarefied  regime. 

As  a  candidate  of  non-intrusive  measurement  tech¬ 
niques  with  short  response  time  and  high  sensitivity, 
the  REMPI  (Resonantly  Enhanced  Multi-Photon 
Ionization)  technique  is  the  most  suitable,  allow¬ 
ing  measurement  of  thermodynamic  variables  in  the 
highly  rarefied  regime.  In  the  REMPI  technique, 
ions  excited  to  the  ionization  state  from  the  ground 
state  by  multiple  photons  are  detected  as  a  signal 
and  its  spectra  depending  on  the  energy  of  irra¬ 
diation  are  analyzed  to  measure  temperature  and 
density.  Because  REMPI  is  a  nonlinear  optical  pro¬ 
cess  and  needs  nR-f-m  photons  (n-photon  resonance 
and  m-photon  ionization;  nR-fm  REMPI)  from  the 
ground  state  through  the  resonance  state  to  the  ion¬ 
ization  state,  an  analysis  of  a  REMPI  spectrum  gen¬ 
erally  needs  somewhat  complicated  procedures. 

As  a  first  step,  we  employ  2R-1-2  N2-REMPI  to  ex¬ 
amine  its  fundamental  properties.  In  this  study, 
we  setup  an  experimental  apparatus  for  2R-(-2  N2- 
REMPl  and  obtain  the  REMPI  specta  for  vari¬ 
ous  conditions  of  pressure  and  temperature.  And 
the  theoretical  spectra  are  also  calculated  and  com¬ 
pared  with  the  experimental  ones. 
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2  REMPI  Spectra 

In  the  case  where  the  laser  power  can  be  assumed  to 
be  constant  and  moderate,  the  relative  strength  of 
rotational  lines  in  a  vibrational  band  is  given  by [4], 

=  Cg(J")S(J',  J")  tM-Erot/kT),  (1) 

where  C  is  a  constant  independent  of  the  rotational 
quantum  number  J'  and  J",  including  laser  flux, 
number  density,  Franck-Condon  factor  and  so  on, 
g(J")  is  the  nuclear  statistical  factor  which  takes 
the  value  of  3  and  6  for  odd  and  even  J"  respec¬ 
tively,  S(J',J")  is  the  rotational  strength  [two  pho¬ 
ton  Honl'London  factor],  and  the  rest  is  the  Boltz¬ 
mann  factor  which  originates  from  the  rotational 
population,  k  is  the  Boltzmann’s  constant,  T  the 
rotational  temperature,  and  Erot  is  the  rotational 
energy.  Plotting  ln(//ji5)  versus  Erot  according  to 
the  above  equation,  rotational  temperatures  can  be 
easily  determined  from  its  slope  —  \/kT. 

We  select  (2,0)  band  of  a  «-  X  transition  for  the 
two  photon  excitation  from  the  ground  state  to  the 
resonance  state,  because  this  transition  probability 
is  relatively  large. 

3  Experimental  Apparatus 

Figure  1  shows  a  schematic  diagram  of  an  experi¬ 
mental  setup  for  2R-(-2  N2-REMPI.  The  laser  sys¬ 
tem  consists  of  a  dye  laser  and  a  Nd:YAG  laser  as 
a  pump  source.  The  frequency  of  the  dye  laser  out¬ 
put,  using  Fluorescein  27  as  a  laser  dye,  is  doubled 
by  a  BBO  crystal  and  separated  from  a  fundamen¬ 
tal  beam  by  a  dichroic  mirror.  Then  the  UV  beam 
is  focused  inside  a  vacuum  chamber  by  a  quartz  lens 
(focal  length  30  cm).  The  laser  energy  is  2  mJ  and 
the  minimum  linew’idth  is  0.4  cm“*. 

A  secondary  electron  multiplier  (Murata)  is  em¬ 
ployed  as  a  detector  of  ions  and  a  Boxcar  Integrator 
as  a  data  logger.  A  laser  pulse  detected  by  a  photo¬ 
diode  is  transmitted  to  the  Boxcar  Integrator  as  a 
trigger  signal. 
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A  vacuum  chamber  is  evacuated  by  a  turbo  molec¬ 
ular  pump  and  the  pressure  is  kept  at  from  10“®- 
10“®  Torr,  controlled  by  a  leak  valve. 

4  Results 

Now,  we  are  carrying  out  experiments  to  obtain  N2- 
REMPI  spectra  under  the  static  conditions  and  to 
examine  the  fundamental  properties  of  the  spectra. 
Parallel  to  the  experiments,  we  calculate  the  N2- 
REMPI  spectra  for  (2,0)  band  using  eq.  (1).  Fig¬ 
ures  2  and  3  are  representative  N2-REMPI  spec¬ 
tra  calculated  at  20  K  and  300  K,  respectively.  To 
measure  the  rotational  temperature  from  the  Boltz¬ 
mann  plot,  some  spectral  lines  of  one  branch  have  to 
be  selected.  For  low  temperature  (Fig.  2),  it  is  bet¬ 
ter  to  select  the  S-branch  because  that  is  relatively 
high  intensity  and  easy  to  extract  each  rotational 
line.  On  the  other  hand,  the  REMPI  spectrum  be¬ 
comes  so  crowded  in  the  case  of  300  K  (Fig.  3)  that 
we  can  not  use  the  rotational  lines  near  the  band 
head.  Therefore,  the  rotational  lines  of  the  0-  or  P- 
branch  away  from  the  band  head,  which  have  large 
rotational  quantum  numbers  (J"),  have  to  be  se¬ 
lected  to  measure  the  rotational  temperature. 
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Figure  1:  Experimental  apparatus 
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Figure  2:  Calculated  N2-REMPI  spectrum  at  20K 
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Figure  3;  Calculated  N2-REMPI  spectrum  at  300K 
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Mass-Spectrometry  of  Dissociative  Ionization  Products;  An 

Environmental  Application  * 

A.V.Snegursky 

Institute  of  Electron  Physics,  Ukrainian  Nat. Acad. Sci, 

21  Universitetska  str.,  Uzhgorod  294016,  Ukraine 


Environmental  aspects  of  human  life  are  now  one 
of  the  most  ”hot”  items  of  modern  science.  Mass- 
scpectrometry  is  a  convenient  tool  for  operative 
monitoring  the  products  of  scientific,  industrial  and 
technological  activities,  especially  when  we  deal 
with  the  complex  species  differing  in  isotope  com¬ 
position.  One  of  the  most  effective  channels  of  frag¬ 
mentation  of  polyatomic  molecule  is  a  production  of 
the  ionized  fragments  due  to  the  process  of  disso¬ 
ciative  ionization  (DI)  reaction  initiated  by  a  low- 
energy  electron  impact.  Such  ionic  fragments  pos¬ 
sess  an  information  on  the  structure,  composition 
and  quantum  state(s)  of  the  initial  molecule. 

We  have  developed  a  ma.ss-spectrometric  apparatus 
with  crossed  electron  and  molecular  beams  aimed 
to  investigate  the  peculiarities  of  the  production  of 
ionized  fragments  resulted  from  the  dissociative  ion¬ 
ization  of  a  wide  class  of  polyatomic  molecules.  The 
use  of  a  quadrupole  mass-spectrometer  (QMS)  to¬ 
gether  with  the  beam  technique  allowed  the  produc¬ 
tion  of  the  fragment  ions  in  the  Dl  reaction  to  be 
studied  with  the  substantial  mass  (±0.05  a.u.)  and 
energy  (±0.5  ev)  resolution.  We  have  chosen  the 
organic  molecules  in  order  to  study  the  production 
of  the  ionized  fragments  and  radicals  important  in 
view  of  the  environmental  pollution  control.  For 
that  reason  the  benzene  (CeHe)  molecule  appeared 
to  be  an  attractive  object.  Our  previous  data  on 
the  appearance  of  the  deuterated  DI  fragments  from 
the  heavy  water  (D2O)  molecule  have  ri.sen  a  ques¬ 
tion  of  the  influence  of  D  atom  from  the  deuterium- 
containing  analog  of  the  benzene  molecule  on  the 
behaviour  of  the  DI  cross-sections.  For  that  rea¬ 
son  the  CeHDs  molecule  was  chosen  as  an  object  of 
such  comparative  studies. 

Here  we  report  on  the  new  data  on  the  investigation 
of  the  electron-impact  formation  of  both  hydrogen 
and  deuterium-containing  ionic  products  of  the  DI 
reaction  for  the  abovementioned  molecular  targets. 
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The  mailstone  of  the  apparatus  is  a  supersonic  noz¬ 
zle  molecular  beam  source.  A  QMS  was  mounted 
inside  a  specially  designed  high- vacuum  (10“^  Torr) 
operating  chamber  with  the  oil-free  pumping  facili¬ 
ties  and  the  axis  of  the  QMS  analyzer  was  oriented 
normally  to  the  beam  intersection  plane.  The  elec¬ 
tron  beam  was  produced  by  a  conventional  elec¬ 
tron  gun  operating  in  the  electron  current  stabiliza¬ 
tion  mode  and  providing  the  formation  of  the  elec¬ 
tron  beam  of  controlled  (5-120  eV)  energy  and  0.1-2 
mA  electron  current  at  the  ±0.4  eV  energy  spread. 
The  channeltron  served  to  detect  the  ions  produced 
and  its  output  signal  was  digitally  processed  to  be 
strored  by  means  of  the  multichannel  pulse  ana¬ 
lyzer  interfaced  with  the  computer.  The  use  of  a 
step  voltage  generator  as  an  electron  energy  scan¬ 
ner  enabled  the  energy  dependences  of  the  DI  cross 
sections  to  be  measured.  The  accuracy  of  the  in¬ 
cident  electron  energy  scale  calibration  was  defined 
almost  by  the  electron  beam  energy  spread  and  was 
not  worse  than  ±0.5  eV.  The  electron  energy  vari¬ 
ation  step  was  1.3  eV  when  studying  the  general 
energy  dependences  of  ion  yield  and  0.26  eV  when 
measuring  the  initial  areas  of  the  Dl  curves.  The 
analysis  of  the  near-threshold  areas  of  the  DI  cross 
sections  vs  the  incident  electron  energy  allows  one 
to  define  the  energy  thresholds  of  reaction  and  the 
appearance  potentials  for  ion  fragments.  The  use  of 
the  double  differentiation  technique  had  enabled  us 
not  only  to  determine  the  first  appearance  potential 
(i.e.  the  threshold  energy)  for  each  fragment  under 
study  but  also  to  evaluate  the  energies  of  the  pro¬ 
duction  of  different  groups  of  ions.  In  other  words, 
we  have  observed  the  onsets  of  different  channels 
of  the  initial  molecule  fragmentation.  It  was  found 
that  the  presence  of  the  deuterium  atoms  in  the 
initial  molecule  results  in  the  visible  reduction  of 
the  first  appearance  thresholds  of  each  ionic  radical 
as  well  as  causes  the  variation  of  the  appearance 
energies  of  ionic  groups  (in  other  words,  the  en¬ 
ergy  positions  of  the  structure  of  DI  cross  sections) . 
These  energies  show  quantitatively  the  differences 
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in  the  dynamics  of  production  of  ionic  fragments 
differing  by  the  isotope  composition.  As  is  known, 
the  presence  of  the  additional  neutrons  in  the  ini¬ 
tial  molecule  has  no  noticeable  effect  on  its  elec¬ 
tronic  structure  (except  the  so-called  isotopic  shift 
whose  energy  value  is  considerably  "neglected”  by 
our  experimental  energy  resolution).  That  is  why 
it  seems  quite  naturally  to  draw  the  notion  of  the 
collisional  kinematics  in  order  to  explain  the  sur¬ 
prising  pattern  of  the  threshold  shift.  Indeed,  the 
production  of  any  fragment  results  not  only  from 
the  energy  transfer  from  the  bombarding  electron 
to  the  initial  molecule  inducing  the  direct  excitation 
of  electronic  transitions  as  well  as  producing  the 
rotationally  and  vibrationally  excited  molecule  but 
also  from  the  complicated  mechanism  of  momentum 
transfer  and  branching  over  all  possible  collisional 
products  (i.e.  the  scattered  and  ejected  electron, 
ionic  and  neutral  fragments  which,  in  turn,  may 
also  decay  with  subsequent  production  of  lower- 
order  fragments).  Thus,  one  should  assume  that 
the  larger  mass  of  the  deuterated  target  may  be  re¬ 
sponsible  for  the  less  probable  direct  conversion  of 
the  incident  electron  kinetic  energy  into  that  of  the 
rotational  and  vibrational  excitation  of  the  target, 
resulting  in  the  direct  electronic  transition  to  the 
higher  excited  repulsive  molecular  states.  The  de¬ 
cay  of  these  repulsive  states  causes  effectively  the 
production  of  ion-f-neutral  pair  with  the  simulta¬ 
neous  ejection  of  electron.  Of  course,  more  exact 
information  of  that  type  can  be  extracted  from  the 
precise  measurement  of  the  kinetic  energy  distribu¬ 
tions  of  the  ionic  fragments  and/or  the  ejected  and 
scattered  electrons. 

As  a  conclusion,  it  should  be  noted  that  the  pro¬ 
duction  of  the  deuterated  ionized  fragments  takes 
place  with  a  distinct  (few  dozen  of  meV)  shift  of  the 
ion  appearance  energies  towards  the  lower  ones.  In 
some  cases  the  energy  shift  exceeds  3  eV  allowing 
one  to  separate  clearly  the  production  of  the  ion 
fragment  from  the  deuterated  target.  Such  surpris¬ 
ing  pattern  gives  an  evidence  for  clear  ’’rnciss  and 
energy”  separation  of  harmful  species  providing  a 
rapid,  reliable  and  versatile  method  of  monitoring 
the  hazardous  species  present  in  the  planetary  at¬ 
mosphere. 
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Electron- Beam- Excited  X-ray  Method  for  Density  Measurements 
of  Rarefied  Gas  Flows  Near  Models.  * 
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T.  Poth  J.P.  Taran*,  V.N.  Yarygin^ 

^  Office  National  d’Etudes  et  de  Recherches  Aerospatiales,  France 
^  Institute  of  Thermophysics,  Novosibirsk,  Russia 


1  Introduction 

Electron-beam  fluorescence  is  a  well-established 
method  for  local  density  measurements  of  rarefied 
gas  flows.  Spectrum  excited  by  a  fast  electron 
beam  covers  the  range  from  the  X-ray  region  to 
the  visible  one.  For  plasma  flows  and  gas  flows  at 
higher  density  and  temperature,  the  use  of  X-ray 
radiation  (Bremsstrahlung  or  characteristic  one) 
is  preferable  because  of  the  absence  of  quenching 
processes  and  spectra  transformation.  X-ray 
method  of  density  measurements  was  proposed  in 
[l]  and  elaborated  in  [2].  Nevertheless  it  is  hard  to 
apply  this  technique  for  investigation  of  gas  flows 
around  models  particularly  in  the  region  close  to 
the  surface,  because  of  the  occurrence  of  strong 
X-ray  radiation  scattered  from  the  surface,  which 
can  be  higher  than  that  from  the  gas. 

In  view  of  this  and  in  order  to  avoid  the  interference 
of  X-ray  radiation  from  the  model  surface  a  new 
method  was  proposed  and  realized  [3],  the  E-beam 
passed  through  a  tube  inserted  into  the  model  and 
the  density  measurements  are  made  below  the  exit 
point  of  the  E-beam. 

The  method  described  in  [3]  and  improved  in  the 
present  article  applies  to  axisymetric  flow  fields. 

2  Experimental  Procedure 
and  Results 

The  experiments  were  carried  out  in  ONERA 
R5Ch  wind  tunnel  using  a  contoured  nozzle  that 
provides  a  uniform  freestream  environment,  an 
electron  gun  -1-  and  X-ray  measuring  systems 
(fig.  1).  The  electron  beam  -2-  (having  25  keV, 
0.8  mA)  crosses  the  model  -4-  (which  is  a  hollow 
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cylinder  with  a  flare)  through  a  thin  wall  stainless 
steel  tube  -3-  (<5,nt  =  2.8mm)  and  continues  to  the 
Faraday  cup  -8-.  The  X-ray  radiation  at  the  point 
of  measurement  is  selected  by  the  Soller  collimator 
-5-,  and  detected  by  the  X-ray  detectors  -6,  7-. 
One  of  the  detectors  -6-  is  mounted  on  coordinate 
mechanical  system  in  order  to  move  the  detector 
and  measure  the  X-ray  intensity  along  the  d-e 
region. 


Figure  1:  Scheme  of  normal  and  axial  cuts  of  an 
experimental  facility 


First  test  measurements  [3]  were  made  using  only 
one  detecting  system  -6-  and  a  calibration  curve  : 
X-ray  intensity  vs  gas  density  in  static  conditions. 
These  measured  density  values  appeared  to  be 
lower  than  the  calculated  ones.  The  accuracy 
of  the  experiment  and  the  possible  reason  for 
the  underestimate  of  the  density  in  the  higher 
density  region  will  be  discussed  in  details  in  our 
paper.  In  order  to  avoid  this  difficulty  and  to 
improve  the  accuracy  of  the  density  measurements 
two  detectors  measure  the  X-ray  radiation  inten¬ 
sity  in  two  points  :  one  at  a  fixed  position  in 
the  undisturbed  flow  (detector  -7-),  one  explor¬ 
ing  the  shock  and  the  boundary  layer  (detector  -6-). 
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Fig.2,  as  an  example,  shows  the  transversal  density 
profile  near  the  model  for  the  cross  section  X/L  = 
0.3.  The  different  curves  are  the  following  : 

•  triangles  -  represent  the  results  obtained  when 
using  just  one  detector  -6-  and  corresponding 
calibration  curve; 

•  dark  circles  -  represent  the  results  obtained 
while  measuring  by  two  detectors  -6,  7-  but  us¬ 
ing  a  calibration  curve  for  getting  the  absolute 
density  values  p  and  po; 

•  light  circles  -  represent  the  relative  densities 
measured  by  two  detectors  -6,  7-  using  their  in¬ 
tensities  ratio  (without  calibration  curves  "in¬ 
tensity  versus  density”); 

•  full  line  -  represent  the  Navier  Stokes  calcula¬ 
tion  results. 

Detailed  comparison  analysis  of  calculation  and 
experimental  results  for  different  model  cross 
sections  will  be  done  in  a  separate  report  also  being 
presented  at  this  Symposium. 

In  Fig.  2  one  can  see  that,  as  it  was  expected  within 
the  region  of  high  densities  (about 
a  lower  relative  gas  density  p/po  is  observed 
when  using  the  absolute  density  values.  However 
measuring  both  p  and  po  results  in  more  precise 
data  because  in  this  case  the  difference  in  E-beam 
scattering  on  its  ”a-e”  way  in  static  conditions  and 
in  ”  in-flow”  measurements  is  indirectly  taken  into 
account. 


Figure  2:  comparison  between  different  methods  of 
measurement 

Transversal  density  profiles  have  been  recorded  also 
at  cross  sections  X/L  =  0.6  and  0.76.  An  attempt 


has  been  made  at  X/L  =1.4  that  is  at  higher  den¬ 
sity  at  the  tube  extremities  and  for  a  longer  tube 
length.  In  these  conditions,  the  E-beam  intensity  at 
the  tube  exit  is  too  small,  making  density  measure¬ 
ments  in  the  d-e  region  impracticle.  An  alternative 
would  be  making  measurements  above  the  model 
in  the  b-c  region  using  the  two  detectors  method. 
This  method  has  been  tested  at  X/L  =  0.76. 
The  results  are  practicaly  identical  to  those  ob¬ 
tained  previously  below  the  model  in  the  d-e  region. 

Thus  the  tube  inserted  into  the  model  serves  to  re¬ 
move  the  electrons  and  to  prevent  their  scattering 
on  the  model.  This  method  can  not  be  used  for 
measuring  the  absolute  density  in  the  region  under 
research,  but  accurate  relative  densities  measure¬ 
ments  are  possible. 

3  Conclusion 

•  a  method  of  X-ray  electron-beam  gas  density 
measurements  of  the  flow  around  axisymmet- 
rical  models  is  proposed, 

•  The  measurements  of  transversal  gas  den¬ 
sity  distributions  of  shock  and  boundary  layer 
around  a  hollow  cylinder  with  a  flare  at  cross 
sections  X/L  =  0.3,  0.6,  0.76  are  done. 
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1  Introduction 

Determination  of  rotational  and  vibrational  tem¬ 
peratures  of  a  molecular  electronic  level  can  be 
achieved  by  comparison  of  an  experimental  spec¬ 
trum  obtained  by  emission  spectroscopy,  with  cal¬ 
culated  spectra.  Indeed,  in  most  of  molecular  spec¬ 
tra,  Boltzmann  plot  is  not  applicable  because  of  the 
overlapping  of  rotational  lines.  This  fitting  tech¬ 
nique  has  been  applied  in  seven  main  facilities  in¬ 
volved  in  different  works,  to  the  spectra  of  various 
molecules: 

-  a  low  pressure  pure  nitrogen  arc-jet  plasma  stud¬ 
ied  as  a  free  stream  and  under  boundary  layer  con¬ 
ditions  (N^  first  negative  and  N2  second  positive 
systems). 

-  a  low  pressure  CO2-N2  arc-jet  plasma  involved  in 
Martian  entry  studies  and  especially  in  works  on 
its  interaction  with  C/SiC  tiles  (CN  violet  and  red 
systems). 

-  a  low  pressure  CO2-N2  plasma  produced  in  an  in¬ 
ductively  coupled  plasma  (ICP)  torch  used  to  inves¬ 
tigate  interaction  between  turbulence  and  plasma 
chemistry  (CN  violet  and  C2  Swan  systems). 

-  a  low  pressure  air  plasma  produced  in  the  same 
torch  (Nj  first  negative  system). 

-  an  air  ICP  investigated  in  Russia  during  Hermes 
program  (N^  first  negative  and  NO7  systems). 

-  an  air  glidarc  devoted  to  air  behavior  researches 
(OH  near  UV  bands  and  NO  7  system). 

-  a  silent  discharge  lamp  fed  with  argon  where  traces 
of  nitrogen  monoxide  were  introduced;  this  lamp  is 
designed  to  become  a  very  convenient  VUV  absorp¬ 
tion  source  (NO  7  system). 

For  each  molecule  and  each  system  ob.served,  a  syn¬ 
thetic  spectrum  program  has  been  built  and  vali¬ 
dated  by  experimental  works  found  in  literature. 
Recent  investigations  using  Fourier  transform  spec¬ 
troscopy  have  determined  rotational  lines  spectral 
position  of  the  usual  systems  for  a  wide  range  of 

•Abstract  6724  submitted  to  the  21st  International  Sym¬ 
posium  on  Rarefied  Gas  Dynamics,  Marseille,  France,  July 
26-31,  1998 


diatomic  molecules.  The  lines  observed  by  spectro- 
copists  are  often  those  of  low  rotational  numbers. 
Indeed,  to  get  a  high  spectral  accuracy,  very  low 
temperatures  are  necessary,  which  also  means  a  low 
population  rate  for  high  rotational  number  levels. 
Thanks  to  high  accuracy  hamiltonian  matrixes  de¬ 
veloped  since  the  end  of  the  seventies,  which  give 
energy  of  each  rovibronic  level  involved  in  a  transi¬ 
tion,  sets  of  spectroscopic  constants  are  now  avail¬ 
able  for  all  these  systems.  Calculations  using  these 
constants  and  the  hamiltonian  matrix  elements  to 
get  rovibronic  energies,  give  results  in  very  good 
agreement  with  experimental  values  as  far  as  these 
values  are  available.  For  higher  rotational  numbers, 
the  only  way  is  to  trust  in  the  model.  How  far?  In 
this  study,  several  examples  have  been  explored  to 
answer  this  question...  Synthetic  spectra  are  then 
calculated  for  different  rotational  and  vibrational 
temperatures  as  long  as  a  couple  gives  a  good  su¬ 
perposition  with  the  experimental  spectrum.  Rota¬ 
tional  temperature  is  often  easier  to  find  first  rota¬ 
tional  temperature  inside  lonely  bands  before  find¬ 
ing  vibrational  temperature  by  looking  at  the  whole 
spectrum. 


2  Results  and  discussion 

Nj  first  negative  and  N2  second  positive  sys¬ 
tem  have  been  observed  in  the  free  stream  of  a 
lOOPa  pure  nitrogen  arc-jet  plasma.  To  determine 
rotational  temperature,  0-0  (Nj)  and  2-0  band 
(N2)  are  the  most  interesting  in  this  experimental 
configuration,  since  they  are  not  overlapped  by  any 
other  band  and  they  have  thermometric  lines  i.e. 
lines  whose  relative  evolution  with  temperature 
is  very  contraisted.  To  improve  accuracy  of  the 
method,  it  is  very  important  to  choose  these  lines 
quite  far  from  the  bandhead.  Indeed,  although  this 
area  is  often  very  sensitive  to  the  temperature,  lines 
density  inside  is  high,  then  the  spectrum  is  much 
more  sensitive  to  uncertainties  in  the  calculation. 
Rotational  temperature  found  with  Nj  and  N2 
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spectra  are  in  good  agreement.  The  uncertainty 
is  less  than  200K.  In  spite  of  this  agreement  and 
because  of  the  pressure  conditions,  rotational 
temperature  cannot  be  identify  to  heavy  particles 
kinetic  temperature.  A  vibrational  temperature 
quite  close  to  electronic  one  has  been  obtained  for 
C^riu  of  N2  (populated  by  electronic  excitation), 
but  a  much  higher  vibrational  temperature  has 
been  found  for  B^E  of  Nj  (populated  by  nitrogen 
ion  recombination)  which  cannot  be  assimilate  to 
electronic  temperature. 

CN  spectra  have  been  recorded  at  low  resolution 
(0.09nm),  in  a  lOOPa  CO2-N2  arc-jet  plasma. 
This  low  resolution  did  not  allow  a  comparison  of 
thermometric  lines  intensities  with  calculations. 
However,  the  general  evolution  of  these  spectra 
with  temperatures  is  significant  enough  to  deter¬ 
mine  these  last  ones  with  an  uncertainty  lower 
than  300K.  The  important  differences  noticed 
between  the  numerous  temperatures  found  on  CN 
spectra,  point  out  that  one  has  to  be  very  careful 
in  the  interpretation  of  measured  temperatures. 
Furthermore,  CN  high  temperature  violet  Av=0 
spectrum  is  a  good  examples  of  the  limits  of  molec¬ 
ular  constants  determined  at  very  low  temperature. 
First  building  of  the  synthetic  spectrum  based 
on  recent  works  gave  a  very  bad  simulation  of 
experience:  it  was  clear  that  the  high  accuracy 
constants  used  were  perfect  for  low  rotational 
numbers  but  became  incorrect  for  high  rotational 
numbers.  Careful  modifications  of  some  of  these 
constants  allowed  to  explain  intensity  ’’oddities” 
due,  in  fact,  to  5-5  to  8-8  bands  (Fig.  1). 

C2  Swan  bands  have  been  detected  in  a  CO2-N2 
ICP.  C2  spectrum  is  a  good  illustration  of  what 
may  happen  when  a  system  is  very  complex  and 
perturbed.  In  this  case,  comparison  between  expe¬ 
rience  and  theory  is  much  more  difficult  because 
some  constants  (especially  for  high  temperature) 
are  totally  unknown:  no  model  is  able  to  reproduce 
the  experimental  spectrum.  Differences  between 
experimental  and  synthetic  spectra  are  clear  for 
some  wavelengths  and  measurement  of  tempera¬ 
tures  becomes  then  more  doubtful. 

NO  7  system,  intensively  studied  in  many  works, 
has  been  looked  at  in  two  very  different  sources. 
First,  in  a  lOOW  atmospheric  air  glidarc,  three 
sequences  allow  quite  easy  determination  of  rota¬ 
tional  and  vibrational  temperatures.  For  7  system, 
a  high  accuracy  of  the  model  is  necessary  because 
of  the  complexity  of  the  spectra  in  which  satellite 
branches  intensity  is  far  to  be  negligible.  Tr  and 
T„  found  traduce  that  an  important  amount  of 
energy  is  used  to  heat  the  gas  in  the  arc. 


UMlonstli  Ciw) 

Figure  1:  CN  violet  experimental  and  synthetic 
spectra  in  a  CO2-N2  arc-jet  plasma 

The  second  source  is  an  argon  silent  discharge 
lamp  producing  a  cold  plasma.  Introduction  of 
traces  of  NO  allows  observation  of  7  system  at 
low  rotational  temperature  but  high  vibrational 
excitation.  The  experimental  spectra  led  to  a  very 
accurate  determination  of  Tr=350±20K.  Because 
of  vibrational  excitation  processes,  no  vibrational 
temperature  was  able  to  simulate  the  experimental 
shape  of  the  whole  spectrum. 

To  conclude,  application  of  comparison  between 
synthetic  and  experimental  spectra  has  been  shown 
to  be  a  good  way  to  determine  rotational  and  vi¬ 
brational  temperature  in  numerous  configurations. 
It  also  allowed  to  suggest  two  major  remarks: 

-  As  far  as  they  exist,  various  temperatures  able  to 
be  found  in  the  same  plasma  on  different  molecules 
lead  to  have  a  closer  look  at  the  experimental  con¬ 
ditions  and  at  the  complexity  of  the  spectra  before 
conclude  about  equivalence  between  excitation  and 
kinetic  temperatures. 

-  Spectra  simulation  are  based  on  models  whose 
constants  are  determined  at  low  temperatures. 
The  use  of  these  models  at  high  temperatures  can 
show  significant  deviations  from  the  experience. 
Constants  have  then  to  be  corrected. 

A  more  confident  method  is  to  obtain  fundamental 
levels  temperatures  by  absorption  or  narrow-band 
LIF  spectroscopy.  Indeed,  synthetic  spectra  can  be 
built  as  well  for  these  kinds  of  spectra. 
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Laser-Induced  Fluorescence  of  Carbon  Monoxide 
in  a  CO2-N2  Low  Pressure  Plasma  * 
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UMR  6614  CNRS  /  CORIA,  Universite  de  Rouen,  France 


1  Introduction 

In  order  to  study  catalycity  of  thermal  protec¬ 
tion  materials  devoted  to  Martian  atmosphere,  a 
50%C02-50%N2  arc-jet  plasma  is  produced  by  a 
power  of  lOkW,  under  a  pressure  of  lOOPa. 

Carbon  monoxide  being  one  of  the  main  species 
in  the  plasma  jet,  the  knowledge  of  its  behavior 
near  the  studied  C/SiC  tile  is  essential.  Deter¬ 
mination  of  CO  densities  can  be  achieved  through 
laser-induced  fluorescence  techniques.  Excitation 
and  fluorescence  of  products  from  CO  photodisso¬ 
ciation  by  an  ArF  excimer  laser  give  information 
about  this  process  and  about  the  local  density  of 
CO.  Carbon  monoxide  concentration  can  be  also 
obtained  by  fluorescence  induced  by  Raman-shifted 
laser. 


2  Results 

CO  photodissociation  scheme  by  ArF  excimer  laser 
is  still  badly  known.  In  fact,  it  is  surely  made  up  of 
superposition  of  two  processes  having  very  different 
efficiencies.  They  are  shown  on  Fig.  1.  The  ArF 
excimer  laser  used  does  not  emit  any  radiation  at 
I93.09nm  (intracavity  absorption).  So,  fluorescence 
cannot  be  observed  thanks  to  the  two  photons 
process  [I]  but  only  to  the  three  photons  process 
[2].  Nevertheless,  carbon  monoxide  is  mainly 
dissociated  through  the  two  photons  process  whose 
probability  is  very  high. 

Studies  carried  out  on  a  cell  filled  with  SOOOPa  of 
cold  CO,  allowed  to  detect  a  fluorescence  signal  one 
order  of  magnitude  smaller  than  the  one  recorded 
in  the  lOOPa  plasma  jet.  Temperature  effects  could 
not  explain  this  huge  difference.  In  both  processes, 
the  more  difficult  step  is  the  first  one  because  of 
the  metastability  of  a®n  (lifetime  I5ns).  If  this 
state  has  already  been  populated  during  plasma 
production,  three  photons  dissociation  becomes 
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Figure  1:  Two  photodissociation  processes  of  CO 


a  two  photons  dissociation  and  is  able  to  explain 
the  difference  of  signal.  The  hypothesis  that  a®  11 
state  has  already  existed  in  the  plasma  jet,  has 
been  confirmed  by  recording  the  narrow-band 
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excitation  spectrum.  Instead  of  the  lines  of  the 
Cameron  bands,  a  featureless  spectrum  relative  to 
the  transition  from  a^II  to  a  high  excitation  state 
has  been  observed. 

In  fact,  the  evolution  of  CO  density  measured 
above  the  C/SiC  tile  is  the  evolution  of  a^II 
state.  No  significant  evolution  is  noticed  and  small 
variations  are  explained  by  temperature  evolution 
in  the  boundary  layer. 

Carbon  atoms  resulting  from  CO  photodissociation 
can  recombine  (with  CO  or  another  C)  in  a  C2 
molecule.  Fluorescence  from  Cj  comes  d^II  state 
to  a^n  one  (Swan  bands)  [3].  It  has  been  first 
observed  in  a  cell  filled  with  SOOOPa  of  CO  with 
a  laser  power  equal  to  ISOmJ  at  193nm  and  it 
is  visible  with  the  naked  eye.  Formation  of  Cj 
is  a  quite  slow  phenomenon  compared  to  laser 
pulse  duration  (20ns),  especially  at  the  pressure 
of  this  study  (lOOPa).  If  this  time  is  long  enough, 
knowing  the  dimensions  of  the  excitation  area,  it  is 
conceivable  to  obtain  the  jet  velocity  by  measuring 
the  duration  of  C2  fluorescence. 

For  one  dissociated  molecule  of  CO,  one  oxygen 
atom  is  produced  on  its  fundamental  level.  These 
atoms  can  be  excited  thanks  to  Raman-shifted 
laser  radiation  [4].  The  sum  of  the  energies  of  the 
second  and  third  Stokes  photons  produced  in  a 
deuterium  Raman  cell  pumped  by  an  ArF  excimer 
laser  is  exactly  the  energy  needed  for  2p®P — >3p®P 
transition  of  atomic  oxygen.  Then,  fluorescence  can 
be  recorded  at  777  and  845nm.  This  measurement 
compared  to  atomic  carbon  fluorescence  is  able  to 
give  us  the  probabilities  of  both  photodissociation 
processes.  Nevertheless,  it  must  not  be  forgotten 
that  formation  of  C2  may  also  yield  atomic  oxygen 
during  pulse  duration  which  would  perturb  the 
measurement  of  oxygen  atoms  amount  coming 
from  CO  photodissociation. 

As  atomic  oxygen,  carbon  monoxide  can  also  be 
excited  thanks  to  a  Raman-shifted  laser  [2].  In 
this  case,  the  ArF  excimer  laser  pumps  a  Raman 
cell  filled  with  hydrogen.  Two  photons  of  the  sec¬ 
ond  Stokes  produced  are  necessary  to  excite  CO 
from  the  fundamental  state  to  excited  state. 
Then,  fluorescence  emission  is  radiative  desexcita- 
tion  of  B^E(v=0)  toward  A*n(v=0  to  3)  and  can 
be  detected  in  the  spectral  range  450-600nm.  Ro¬ 
tational  temperature  of  CO  fundamental  state  can 
be  measured  by  recording  the  excitation  spectrum 
provided  by  narrow-band  mode  of  the  ArF  excimer 
laser.  Comparison  of  this  experimental  spectrum 


with  theoretical  ones  (Fig.  2)  is  able  to  give  us  the 
searched  temperature. 


Figure  2:  CO  experimental  and  synthetic  excitation 
spectra  at  300K 

Because  of  the  great  number  of  excitable  transi¬ 
tions,  fluorescence  induced  by  an  ArF  excimer  laser 
and/or  Raman-shifted  laser,  proved  to  be  very 
interesting  in  our  kind  of  plasma. 

Carbon  monoxide  and  atomic  oxygen  are  not 
the  only  species  able  to  be  investigated  by  this 
technique.  A  comprehensive  study  on  nitrogen 
monoxide  has  already  been  carried  out  [5]  and 
works  about  molecular  oxygen,  atomic  nitrogen 
and  silicon  monoxide  are  on  way. 

This  work  is  supported  by  SEP/ESTEC. 

References 

[1]  Bokor  and  al.,  J.Chem.Phys.,  Vol.72,  No.2, 
pp.965-971,  1980. 

[2]  Meijer  and  al.,, J.Chem.Phys.,  Vol.89,  No.4, 
pp.2588-2589,  1988. 

[3]  Faust  and  al.,  Chem.Phys.Lett.,  Vol.83,  No.2, 
pp.265-269,  1995. 

[4]  Fletcher,  Applied  Physics  B,  V0I.B6O,  No.l, 
pp.61-65,  1995. 

[5]  Honore,  Ph.D.  Thesis,  Rouen,  1995. 


J75 


Industrial  Processes  -  IP  P 


Uniform  Deposition  of  Thin  Solid  Films 
on  Inner  Surface  of  Cylindrical  Channel* 

V.V.  Levdansky 

Heat  and  Mass  Transfer  Institute,  Academy  of  Sciences  of  Belarus,  Minsk,  Belarus 


The  substance  deposition  from  the  gas  phase  is  one  of 
the  basic  methods  for  production  of  thin  solid  films 
with  uniform  thickness.  The  uniform  deposition  is 
related  to  the  conformal  covering  of  the  different 
structures  (in  particular  of  the  inner  surface  of  the 
channels)  [1).  As  mentioned  in  [1],  without  conformal 
growth  some  important  steps  in  current 
microelectronics  fabrication  would  be  impossible.  At 
sufficiently  low  pressure  of  the  vapor  of  the  substance 
to  be  deposited  a  free-molecular  flow  regime  is  created 
and  the  thickness  of  the  deposited  layer  is  dependent 
only  on  system  geometry,  the  molecular  flux  incident 
on  the  surface  and  the  surface  processes. 

In  the  paper  the  problem  of  the  uniform  deposition 
onto  the  inner  surface  of  a  cylindrical  channel  is 
studied  on  the  basis  of  the  molecular-kinetic  theory.  It 
should  be  noted  that  at  the  present  time  external 
problems  have  been  studied  thoroughly.  In  these  cases, 
the  deposition  process  can  be  controlled  either  by 
changing  the  position  of  the  material  source  relatively 
to  the  substrate  or  by  changing  the  geometric 
parameters  of  the  source  itself.  Internal  deposition 
problems  are  more  complicated  and  less  studied.  Thus, 
for  example,  in  the  case  of  a  thin  layer  deposition  on 
the  inner  surface  of  a  channel,  where  the  source  of 
substance  to  be  deposited  lies  outside  the  channel,  the 
deposition  process  can  be  controlled  only  by  varying 
the  gas  pressure  at  the  channel  ends  and  the 
temperature  distribution  along  the  channel.  The 
character  of  a  change  in  layer  thickness  along  the 
channel  is  determined  by  the  resulting  molecular  flux 
into  the  condensate.  Let  us  make  some  simplifying 
assumptions.  It  is  assumed  that  before  the  beginning  of 
the  process  the  entire  inner  surface  was  coated  by  a 
layer, of  condensate  (i.e.,  we  will  not  consider  the 
process  of  condensate  formation  on  the  bare  substrate). 
The  condensate  is  supposed  to  be  solid.  We  will 
consider  the  problem  in  the  quasi-stationary 
approximation.  It  is  assumed  that  the  growing 
condensate  layer  has  no  effect  on  the  molecule  motion 


from  one  surface  element  to  another,  i.e.  the 
condensate  layer  thickness  h  during  the  entire  process 
is  assumed  to  be  much  less  than  the  channel  radius  R. 
The  growth  rate  of  the  layer  thickness  h  is 


dt 


J ,  where  J  is  the  molecule  flux  density 


into  the  condensate,  is  the  density  of  molecules  in 
the  condensate.  The  problem  consists  in  determination 
of  the  conditions  under  which  a  constant  value  of 
J  =  c  is  achieved.  For  a  cylindrical  channel  the  flux 
J  in  the  physical  deposition  (condensation)  of  gas 
molecules  on  the  channel  walls  in  a  free-molecular 
flow  regime  can  be  written  in  the  form 


'  =  ojj  O’  +  0^.0^  -  N,K{y  -  x) 

=  (1  -  a][l {j  *l)K,{\x-  x'\)dx’+  N,K(x)  +N,K(l-x) 


(1) 


(2) 


where  x  is  a  dimensionless  coordinate  directed  along 

X 

the  channel  (X  =  — ,  L  is  the  channel  length),  Q  is 
L 

the  condensation  coefficient,  K  and  /Tj  describe  the 
probabilities  of  molecule  motion  from  one  surface 
element  to  another,  Nq  and  are  the  flux  densities 
of  molecules  entering  the  channel  through  its  ends  at 
or  =  0  and  x  =  \,  /  is  the  flux  density  of  reflected 
molecules,  j  is  the  flux  density  of  the  evaporating 
molecules. 


j  =  ;4exp' 


(3) 


Here  k  is  the  Boltzmann’s  constant,  T  is  the 
temperature,  Q  is  the  heat  of  evaporation,  the 
preexponential  factor  A  in  Eq.  (3)  is  assumed  to  be 
constant. 


The  term  in  square  brackets  of  Eqs.  (1)  and  (2)  defines 
the  flux  density  of  molecules  incident  on  the  element 
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of  the  capillary  surface  in  the  vicinity  of  the  point  x 
This  flux  consists  of  molecules  which  have  arrived 
from  the  remaining  surface  after  evaporation  or  elastic, 

(but  diffuse)  reflection  and  also  of  molecules  which 
have  arrived  directly  in  the  given  point  after  entry  into 
the  channel  from  outside.  Approximating  K,  by 
exponential  expressions  we  can  obtain  in  the  case 
Nq  =  with  account  Eqs.  (1),  (2)  and  (3)  following 
expression  for  the  temperature  distribution  along  the 
channel  wall  which  is  necessary  for  uniform  deposition 


r  =  - 


iln  ^ 


Q _ 

2~  2 


(4)  where 


As  follows  from  Eq.  (4),  to  keep  the  value  of  J 
constant,  the  temperature  must  decrease  from  the  ends 
toward  the  channel  centre.  It  is  seen  from  Eq.  (4)  that 
there  is  a  limitation  on  the  maximum  rate  of  the 
substance  deposition.  It  depends  on  the  ratio  of 
channel  length  to  its  radius. 


It  should  be  noted  that  in  the  chemical  deposition  the 
coefficient  Ct  in  Eqs.  (1),  (2)  characterizes  the  fraction 
of  collisions  resulting  in  reaction.  It  depends  on  the 
temperature.  The  condition  of  the  uniform  deposition 
for  this  case  is  also  obtained. 


The  influence  of  surface  phenomena  on  trapping  of 
impurity  molecules  by  growing  layer  of  condensate  is 
analysed  in  the  paper.  The  expression  for  the 
concentration  of  impurity  molecules  in  the  deposited 
layer  is  obtained.  It  is  shown  that  resonance  (e.g.. 
laser)  radiation  affecting  the  surface  processes  can 
change  this  concentration. 
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1  Introduction 

Recently  the  molecular  transport  processes  in  the 
low  pressure  chemical  vapor  deposition  (LPCVD) 
technologies  for  producing  thin  epitaxial  films  with 
a  high  uniformity  of  thickness  have  been  stud¬ 
ied  using  kinetic  theory  approach  with  an  increas¬ 
ing  intensity  [1][2][3][4][5].  Generally  speaking,  the 
LPCVD  process  is  formed  and  controlled  by  the 
following  items:  the  vacuum  conditions,  the  gas 
mixture  source,  the  three  (  source,  wall  and  sub¬ 
strate  )  temperatures  To,  Tiv,  T,,  the  reactor  ge¬ 
ometry  and  the  chemical  reaction  properties.  The 
present  paper  is  an  extension  of  the  previous  au¬ 
thor’s  work  [6]  .Here  we  investigate  the  infiuence  of 
different  models  of  chemical  reaction  on  the  growth 
rate  of  silicon  layer  on  the  substrate.  We  consider 
three  models  of  reactive  flow  with  different  number 
of  components  of  the  gas  mixture  which  enters  the 
reactor  as  a  binary  mixture  consisting  of  reactant 
gas  (silane  SiH^)  and  carrier  gas  {H2)- 

•  silane  pyrolysis  SiH^  -+  Si  +  2H2  on  the  sub¬ 
strate  surface  (no  reactions  in  the  reactor  vol¬ 
ume  and  the  flow  is  neutral); 

•  silane  pyrolysis  SiH^  —¥  Si  +  2H2  on  the  sub¬ 
strate  surface  and  a  volume  irreversible  chem¬ 
ical  reaction 

SiH^  ->  Si  +  2H2  \ 

•  silane  pyrolysis  S1//4  — ^  Si  -I-  2H2  on  the 
substrate  surface  and  two  volume  irreversible 
chemical  reactions 

SiHi  SiH2  +  H2 

SiH2  — ^  Si  -f-  7/3. 

We  present  results  obtained  for  moderate  values  of 
the  Knudsen  number  based  on  the  carrier  gas  mean 
free  path. 
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2  Particle  simulation  and  re¬ 
sults 

We  consider  a  typical  configuration  with  idealized 
geometry  (  radius  R  =  50  mfp  and  height  H  =  50 
mfp)  of  a  vertical  axisymmetric  (pancake)  reactor 
with  cold  walls  with  temperature  Tw  The  mix¬ 
ture  of  reactant  gas  and  carrier  gas  having  a  bulk 
velocity  U  =  0.5Vt/,(  Vth  =  v/2RjTu,,  Ri  is  the 
specific  gas  constant  of  the  carrier  gas)  and  tem¬ 
perature  To  =  0.5Tu,  enters  the  reactor  through  an 
inflow  tube  with  radius  r  =  5mfp  (i  =  (0,5)  at¬ 
tached  to  the  reactor  bottom  (  Fig.  1  shows  the 
half  cross-section  of  the  axisymmetric  reactor). The 
substrate  surface  is  a  ring  placed  also  at  the  bot¬ 
tom  with  a  size  x  =  (5,45)  and  with  constant 
temperature  T,  =  5Tu, .  All  molecules  falling  into 
the  gap  between  the  substrate  and  the  reactor  wall 
X  =  (45, 50)  (outlet  flux)  are  removed  from  further 
consideration.  Diffuse  reflection  is  supposed  for  all 
particles  of  any  species  hitting  the  reactor  walls. 
The  vertical  co-cordinate  axis  coincides  with  the  re¬ 
actor  axis. 

According  to  the  accepted  chemical  reaction 
model  the  simulation  employs  two(H2,SiH4)-, 
thTee{H2,SiH4,Si)-  or  fo\iT{H2,SiH4,Si,SiH2)- 
component  set  of  particles.  We  use  simple  al¬ 
gorithms  for  simulation  of  each  chemical  reaction 
whose  description  will  be  given  in  the  report.  The 
simulation  is  carried  out  in  two-dimensional  compu¬ 
tational  domain  taking  into  account  the  axial  sym¬ 
metry.  We  include  weighting  factors  in  the  algo¬ 
rithm  in  order  to  equalize  the  species  sample  sizes. 
Part  of  the  obtained  results  are  illustrated  in  fig¬ 
ures  1  and  2.  Fig.  1  shows  a  typical  temperature 
field  obtained  for  the  third  component  Si  which  a 
product  of  two  chemical  reactions. 

The  third  case  concerning  the  model  with  two  chem¬ 
ical  reactions  (see  the  introduction)  is  illustrated 
with  the  top  graphic  in  Fig.  2  which  shows  the 
distribution  of  the  fluxes  falling  on  the  substrate: 
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Figure  1:  Temperature  field  obtaine  for  silicon 
product  of  two  chemical  reactions 


SiH^  is  noted  with  ’o’,  Si  with  ’*’  and  SiH^  with 
’x’. 
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Figure  2:  Number  fluxes  falling  on  the  substrate 

The  bottom  graphic  shows  the  fluxes  SiH^  and  Si 
in  the  second  case  SiH^  Si  -I-  2//2. 

A  detailed  analysis  of  the  obtained  results  as  well  as 
some  specific  issues  of  the  simulation  will  be  given 
in  the  basic  report. 
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1  Introduction 

When  a  metal  confined  in  a  water  cooled  crucible  is 
heated  by  a  focused  electron  beam,  this  metal  melts 
to  form  a  pool  of  liquid  metal.  The  non  uniformity 
of  the  melt  temperature  induces  convection  driven 
by  two  forces  ;  a  volume  force  created  by  the  density 
gradients  (buoyancy  effect)  and  a  surface  force  due 
to  the  surface  tension  gradient  (Marangoni  effect). 
With  this  local  heating  method  the  melt  tempera¬ 
ture  can  reach  high  values  and  thereby  yield  a  colli- 
sional  atomic  vapor  jet.  At  high  vaporisation  rates 
the  liquid-vapor  interface  is  distorded  by  the  effect 
of  escaping  vapor  and  backscattered  vapor  flow  to 
form  a  depression.  This  depression  induces  strong 
effects  on  both  liquid  and  vapor.  In  the  liquid  the 
buoyancy  convection  in  the  pool  is  enhanced  which 
reinforces  the  heat  transfer  towards  the  crucible.  As 
far  as  vapor  is  concerned,  the  backscattered  vapor 
flow  is  increased  because  of  the  depression.  The 
backscattered  vapor  which  is  not  in  equilibrium  in¬ 
duces  a  friction  force  at  the  liquid-vapor  interface. 
This  force  is  added  to  the  surface  force  due  to  the 
surface  tension  gradient  and  contribute  to  increeise 
the  liquid  surface  velocity  towards  the  crucible. 

In  this  work  we  calculate  the  backscattered  vapor 
pressure  (normal  and  tangential  to  the  liquid-vapor 
interface)  and  analyse  its  effects  on  the  surface  de¬ 
pression  and  the  temperature  field.  For  this  purpose 
we  use  the  well  known  Direct  Simulation  Monte- 
Carlo  method  (DSMC)  including  atom-atom  elas¬ 
tic  collisions  (No  Time  Counter  method  proposed 
by  G.A.  BIRD)  coupled  in  an  iterative  process  with 
the  Fluid  Mechanics  Finite  Element  Code  (TRIO- 
EF)  including  the  Young-Laplace  equation  to  cal¬ 
culate  the  liquid-vapor  interface. 

In  addition  we  model  the  normal  and  tangential  va¬ 
por  pressure  at  the  liquid-vapor  interface  in  order 
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to  replace  its  time  consuming  DSMC  evaluations 
in  the  iterative  process.  We  validate  this  model 
by  some  comparisons  wtih  the  DSMC-TRIO-EF  re¬ 
sults  in  the  case  of  the  axisymmetric  cerium  evap¬ 
oration  produced  by  constant  electron  beam  power 
(5kW)  and  various  electron  beam  diameters  (3.4  to 
8  mm). 

2  Vapor  model 

To  model  the  backscattered  normal  vapor  pressure 
we  assume  that  in  the  case  of  strong  evaporation 
the  vapor  flow  rate  is  conserved  between  the  surface 
depression  and  the  plane  section  at  the  exit  of  the 
depression.  The  temperature  field  as  a  function  of 
radius  is  the  same  at  the  exit  section  and  on  the  liq¬ 
uid  surface.  In  addition  we  assume  that  collisional 
processes  take  place  to  form  a  Knudsen  layer  at  the 
exit  of  the  depression.  With  these  assumptions  the 
normal  pressure  is  : 

F„(r)  =  P,at(r)  X  (1  -  0.5(1  -  Sp)g) 

with 

_  _ fo '  ^LangmuirC**)  **  _ 

!o  \/l  +  (^)^-f’Langmuir(’’) 

where  r  is  is  the  radial  coordinate,  y{r)  the  surface 
depression  profile,  P,at  the  saturation  vapor  pres¬ 
sure  and  ^’Langmuir  Langmuir  vapor  flux.  6p 
represents  the  backscattered  vapor  pressure  coeffi¬ 
cient  arising  from  well-known  Knudsen  layer  treat¬ 
ment.  To  model  the  tangential  vapor  pressure  we 
use  the  shear  stress  expression  : 


P{r)  =  -CX 


l-(l-Sp)g 

V^i  +  (^F 


where  A  is  the  local  mean  free  path  at  the  spot 
center  and  C  a  coefficient  to  be  determined. 


3  Results 
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The  converged  norma!  and  tangential  vapor  pres¬ 
sures  are  plotted  vs  the  radial  coordinate  in  Fig.l 
and  2  respectively  (electron  beam  diameter  = 
6  mm).  The  modelled  normal  and  tangential  vapor 
pressures  are  also  shown  in  Fig.l  and  2.  In  Fig. 3 
and  Fig.4  we  show  respectively  the  depth  of  the 
depression  and  the  temperature  at  the  spot  center 
vs  the  electron  beam  diameter.  The  temperature 
drop  reaches  50  K  when  we  take  into  account  the 
backscattered  vapor  pressure.  Note  the  excellent 
agreement  between  model  and  numerical  calcula¬ 
tions. 


Figure  1:  Normal  vapor  pressure 


Figure  2:  Tangential  vapor  pressure 


Figure  3:  Depth  of  the  depression 


tlecfron  beam  diiaTnpftr  (mm) 


Figure  4;  Temperature  of  the  spot  center 
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The  present  investigation  is  an  application  of  the  DSMC  technique  for  simulation  of 
three-dimensional  transitional  flows  to  study  the  transition  flow  through  circular  and  rect¬ 
angular  tubes  with  sudden  expansion  and  sudden  contraction.  In  this  study,  the  diameter 
ratio  of  the  tubes  has  been  varied  from  0.25  to  2.0.  The  Knudsen  number  based  on  the 
diameter  of  the  first  tube  has  been  varied  from  0.1  to  1.0.  The  inlet  flow  angle  of  attack 
has  been  taken  to  be  zero,  i.c.,  the  inlet  flow  has  been  assumed  to  be  parallel  to  the  axis 
of  the  tube.  The  speed  ratio  has  been  varied  from  0  to  10.  The  length  to  diameter  ratio 
of  both  the  smaller  diameter  and  the  larger  di.'unetcr  tubes  has  been  varied  from  0.5  to 
5.0.  For  rectangular  tubes  the  characteristic  length  has  been  taken  to  be  quarter  of  the 
perimeter  instead  of  the  diameter  as  in  the  circular  tubes.  In  all  the  simulations  trans¬ 
mission  probabilities  have  been  calculated  and  compared  with  the  Clausing’s  limit  and 
Rathakrishnan’s  results.  Simulation  results  for  straight  constant  area  tubes  are  found  to 
be  in  good  agreement  with  the  Clausing’s  limit.  The  transmission  probabilities  for  sud¬ 
denly  expanded  tubes  are  found  to  be  matching  with  the  results  of  Rathakrishn2ui  at  low 
l/d  ratios.  At  higher  //d  ratios,  however,  the  transmission  probabilities  are  found  to  be 
lower  than  that  of  Rathakrishnan’s  results.  The  observed  differences  are  possibly  due  the 
collision  model.  Some  sample  results  are  given  in  Figs.  1  and  2. 
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/,/»/,  =  1.0  5  =  0  o  =  0  tUliU  =  1.0 


Figure  1:  Comparison  of  total  transmission  probabilities  Pt  for  h/di  =  1.0  and  da/di  =  2.0  at 
5  =  0  with  Rathakrishnan’s  results. 


5  =  0  rfo/J,  =  1.5 


Figure  2:  Total  transmission  probability  Pt  for  circular  (di  =  2),  rectangular  (3x2),  and 
square  (2  x  2)  tubes  at  5  =  0. 
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Free  Jet  Expansion  into  Vacuum  from  Long  Tubes: 

A  Study  of  the  Correlation  between  Theory  and  Experiment  * 

A.K.  Sreekanth 
India 


A  series  of  experiments  were  performed  in  which 
the  mass  flow  of  air  through  short  circular  tubes  of 
different  radii  connected  in  series  was  measured.  The 
upstream  pressures  for  a  given  flow  geometry  were 
varied  in  such  a  way  so  as  to  cover  the  entire  flow 
range  from  continuum  to  free  molecular.  In  all  the 
experiments,  the  downstream  pressure  was  kept  at 
values  atleast  two  to  three  orders  of  magnitude  lower 
than  the  upstream  pressure,  thereby  resulting  in 
choked  flow  under  continuum  and  near  continuum 
regimes  and  negligible  back  flow  under  free  molecular 
and  transitional  flow  conditions.  From  the  measured 
mass  flow  rates  the  flow  conductances  were 
determined. 

In  free  molecular  flow,  the  conductance  for  a 
given  flow  geometry  is  independent  of  the  pressure 
and  depends  only  on  the  temperature  of  the  gas 
flowing  through  it.  Extending  the  definition  of 
conductance  to  a  continuum  flow  of  gas,  it  can  be 
shown  that  for  isentropic  flows,  the  conductance  is 
also  independent  of  the  pressure  and  depends  only  on 
the  temperature  of  the  gas.  However,  in  viscous 
continuum  flows  and  also  in  transition  from  continuum 
to  free  molecular  flows,  the  conductance  becomes  a 
function  of  pressure.  It  is  of  interest  to  know  how 
the  conductance  varies  from  its  high  value  in 
continuum  flows  to  its  minimum  value  in  free 
moleculVr  flows  'and  the  nature  of  this  transition. 
Witlf*  this  as  the  main  objective,  the  present 
experiments  were  conducted. 

Figs.l  and  2  show  some  typical  results  deduced 
from  the  experiments 

Discussion  of  measured  results,  correlation  with 
relevant  theories,  determination  of  transmission 
probability  values  using  the  test  particle  Monte- 
Carlo  methods  are  being  covered  in  the  full  version 
of  the  paper. 
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.1  Conductance  Vs  Kn  for  Sudden  Expansion 
and  Sudden  Contraction 


FIG. 2  Conductance  Vs  Kn  for  Composite  Geometry 
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Characteristics  of  Laser  Microengine  Rotor  with  low  Reflectance 
Surface  by  Electrostatic  Flocking  * 

M.  Ota^jT.  Hayashi^,  M.  Sakamoto^ 

^Dept  of  Mech.  Engin.,  Graduate  School  of  Engin.,  Tokyo  Metropolitan  Univ.,  Japan 
^Chiba  Institute  of  Technology,  Tsudanuma,  Japan 


In  order  to  realize  wireless  energy  transfer  to  a  mi¬ 
cromachine  a  small  size  rotating  machine  named  as 
rarefied  gas  dynamics  engine,  laser  microengine  or 
micro  mechanical  actuator  are  proposed  [I,  2,  3]. 
With  laser  beam  irradiation  on  the  rotor-blade  sur¬ 
face  of  the  microengine  the  microengine  can  rotate 
by  a  rarefied  gas  dynamics  effect  around  the  ro¬ 
tor.  It  is  said  that  the  effect  comes  from  a  thermal 
force  caused  by  different  surface  temperatures  of  the 
rotor-blade  at  a  rarefied  gas  condition.  For  increas¬ 
ing  the  torque  of  the  rotor,  the  temperature  dif¬ 
ference  between  the  forward  and  backward  surface 
of  the  rotor  should  be  increased  and  also  the  rotor 
surface  must  be  low  reflectance  .  In  this  paper  the 
rotor  for  the  microengine  with  low  reflectance  sur¬ 
face  made  by  electrostatic  flocking  method  is  pro¬ 
posed.  The  surface  temperature  difference,  light  re¬ 
flectance  of  the  rotor  surface  and  the  torsion  torque 
of  the  laser  microengine  were  measured  and  dis¬ 
cussed  on  the  characteristics  of  the  engines. 

Carbon  pile  (the  diameter  of  the  pile  is  10  pm  and 
the  length  is  100  pm)  is  implanted  perpendicularly 
with  respect  to  the  rotor  surface,  thereby  making 
it  possible  to  form  a  surface  having  a  very  low  re¬ 
flectance  owing  to  the  so-called  light  trap  effect, 
where  the  laser  beam  incident  to  the  surface  is  re¬ 
flected  and  attenuated  among  the  fibers.  The  elec¬ 
trostatic  flocking  is  a  technology  used  to  cover  a 
substrate  with  vertical  piles  in  an  electric  field.  In 
the  electrostatic  flocking  method  a  couple  of  elec¬ 
trodes  are  fixed  in  parallel.  By  the  application  of 
high  voltage  between  these  electrodes  (the  distance 
between  the  electrodes  is  10  cm  and  the  voltage  is 
20  kV),  the  piles  are  attracted  by  the  electric  field 
and  start  flying  to  the  upper  electrodes.  If  the  sub¬ 
strate  coated  with  some  adhesive  is  set  on  the  un¬ 
der  surface  of  the  upper  electrode,  each  string  of 
the  piles  will  be  placed  vertically  on  the  substrate. 
The  surface  obtained  with  this  method  effectively 
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absorbs  the  incident  light  among  the  strings  and  a 
very  low  reflectance  surface  is  expected. 

The  surface  temperature  difference,  laser  beam  re¬ 
flectance  and  the  torsion  torque  of  the  rotor  by  the 
electrostatic  flocking  were  measured.  The  flock¬ 
ing  densities  are  4.0,  6.0  eind  8.0  mg/cm/cm.  The 
surface  temperatures  of  the  rotor  irradiated  by  an 
argon  ion  laser  beam  were  measured  by  infrared 
thermometer.  The  torsion  torque  of  the  rotor  oc- 
cured  by  laser  beam  irradiation  is  the  greatest  at 
the  Knudsen  number  0.1  with  the  flocking  density 
6.0 mg/cm/cm.  The  Knudsen  number  is  defined 
as  the  ratio  of  the  mean  free  path  length  of  ambi¬ 
ent  gas  to  the  blade  length.  The  temperatures  are 
dependent  on  flocking  density.  In  this  study,  the 
temperature  difference  between  the  forward  surface 
and  the  backward  surface  of  the  rotors  is  the  great¬ 
est  at  the  flocking  density,  6.0  mg/cm/cm.  The 
minimum  reflectance  occurs  at  the  flocking  density, 
6.0 mg/cm/cm.  Therefore,  it  is  concluded  that  the 
flocking  density  of  the  carbon  piles  on  the  maicro- 
engine  should  be  6.0  mg/cm/cm. 
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Direct  Mass  Conversions  into  Fuel-like  Species  of  (C02)  and 
(C02+H2)  Molecular  Beams  Passing  through  Plasma  Fields  * 
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Department  of  Mechanical  Engineering,  Mie  University,  Japan 


1  Introduction 

In  recent  C02  management  technology,  plasma  as¬ 
sisted  direct  mass-conversions  of  C02  into  fuel-like 
species  have  been  tried  by  authors[l,  2],  because 
radical  particles  produced  in  plasma  fields  easily 
give  rise  to  decompositions  of  stable  species  such 
as  C02  and  to  synthesis  of  desired  fuel-like  species 
such  as  CO,  CH4,  CH30H,  etc. 

In  this  paper,  experiments  are  performed  on  di¬ 
rect  mass-conversions  of  C02  pure  and  (C02-I-H2) 
mixture  molecular  beams  which  are  effused  into  a 
plasma  re-action  furnace.  Ar  molecules  are  also 
mixed  into  the  test  beams  to  examine  their  effect 
as  activating  reagents.  The  mass-converted  species 
and  their  yields  are  detected  by  a  combined  time- 
of-flight  and  mass-spectrometer  technique. 


2  Experimental 

Figure  1  shows  the  experimental  apparatus.  A 
plasma  reaction  furnace  consisting  of  a  circular 
cathode  and  anode  is  equipped  in  an  expansion 
chamber  evacuated  at  ~0.1Pa.  The  surface  heated 
up  to  ~1000K  emits  thermal  electrons  to  keep  its 
glow  discharge  stable.  Both  electrodes  (30mm  in 
dia.)  are  mounted  parallel  at  a  distance  of  30mm. 
The  molecular  beams  of  C02  pure  and  (C02-t-H2) 
mixture  are  accumulated  once  in  a  source  cham¬ 
ber  of  7.0kPa  and  are  expanded  through  a  nozzle  of 
0.15mm  in  dia.  into  the  expansion  chamber.  In  the 
plasma  reziction  furnace,  discharged  test  molecules 
are  attacked  by  accelerated  electrons.  The  plasma 
formed  is  controlled  by  the  voltage  between  the  two 
electrodes,  V^ac,  being  changed  over  (100-200)V. 

With  the  aid  of  plasma,  various  kinds  of  chemical 
species  are  produced  in  the  furnace  and  sampled 
as  particle  beams  through  a  skimmer  (2.0mm  in 
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dia.)  passing  into  a  collimation  chamber  evacuated 
at  ~0.1mPa.  A  rotating  chopper  modulates  the 
skimmed  particle  beam  for  a  time-of-flight  measure¬ 
ment.  Its  gate  function  has  a  triangle  form.  The 
modulated  particle  beam  enters  a  detection  cham¬ 
ber  evacuated  at  ~l/iPa,  in  which  a  quadrupole 
mass-spectrometer  is  mounted.  The  existing  chem¬ 
ical  species  are  identified  from  the  mass  number, 
tuned  and  the  respective  yields  are  evaluated  from 
the  signal  outputs. 
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Figure  1:  Schematic  experimental  apparatus. 


3  Results  and  Discussion 

Figure  2  shows  a  typical  result  of  the  yield  of  CO 
decomposed  in  the  plasma  furnace  from  the  C02 
pure  molecular  beam.  Figures  3  and  4  show  the 
respective  yields  of  desired  fuel-like  species  of  CH4 
and  CH30H  synthesized  in  the  furnace  from  the 
(C02-I-  H2)  and  (C02-fH2-l-Ar)  mixture  beams. 
The  yield,  y=(  V'out)i/(  l^out)(^Q2  is  defined  as 
the  ratio  of  the  detector  signal  output  measured 
at  an  arbitrary  chemical  species  at  a  mass  number 
of  m=i,  (Vout)i,  to  the  C02  output  before  plasma 
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discharging,  (Vout)Q02- 

As  seen  from  Figure  2,  the  signals  are  detected  at 
m=28  and  44.  The  former  at  m=28  is  able  to  be 
identified  as  CO  which  is  produced  by  plasma  as¬ 
sisted  direct  mass-conversion  due  to  thermal  decom¬ 
position.  Its  yield  reaches  ~63%  of  which  value  can 
be  considered  higher  than  that  expected  under  the 
initial  stage  conditions.  On  the  other  hand,  the 
latter  species  at  m=44  is  clearly  identified  as  C02 
itself.  Its  yield  reduces  to  ~21%  from  100%.  This 
fact  implies  that  C02  molecules  are  easily  mass- 
converted  into  CO  due  to  plasma  decomposition 
with  a  relatively  high  yield. 

Figure  3  shows  the  yields  which  are  detected  at  the 
mass  numbers  of  m=16,  28,  32  and  44.  The  first 
chemical  species  of  m=16  is  most  probably  identi¬ 
fied  as  methane  (CH4);  the  reasons  are;  (1)  since 
no  signal  is  detected  at  fn=16  before  plasma  oper¬ 
ation,  the  species  is  newly  mass-converted  from  the 
(C02-I-H2)  mixture  in  the  plasma  furnace,  and 
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Figure  2:  Yields  from  C02  pure  molecules. 


C02,  and  its  yield  reaches  y=~25%.  The  third 
species  of  m=32  is  also  most  probably  identified  as 
methanol  (CH30H);  the  reasons  are:  (1)  since  02 
having  the  same  mass  number  is  not  detected  in  the 
experiment  using  pure  C02  molecules,  the  species 
is  different  from  02,  and  (2)  since  CH4  has  been 
already  produced,  CH30H  is  probably  synthesized 
from  CH3  and  OH  radicals  in  the  plasma  field  [2]. 
The  yield  of  CH30H  reaches  approximately  8%  of 
which  value  can  be  considered  as  fairly  good. 

The  yields  of  fuel-like  species  can  mentioned  above 
increase  significantly  with  the  aid  of  Ar  adding  as 
activating  reagents,  as  seen  from  Figure  4. 

4  Conclusion 

The  experimental  results  prove  that  C02  pure 
molecules  can  be  well  decomposed  into  CO  with 
a  relatively  high  yield,  and  (C02-1-  H2)  mixture 
molecules  can  also  synthesize  well  CH4  and  CH30H 
with  fairly  good  yields,  especially  in  the  case  of  Ar 
adding  as  eictivating  reagents. 
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Figure  3:  Yields  from  (C02-t-H2)  mixture. 

(2)  since  no  oxygen  atom  having  the  same  mass 
number  is  detected,  the  species  is  different  from  0. 
The  CH4’s  yield  reaches  y=~10%.  The  second 
species  of  m=28  is  surely  identified  as  CO,  which 
is  produced  by  thermal  plasma  decomposition  from 
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Figure  4:  Yields  for  Ar  adding. 


191 


Industrial  Processes  -  IP  P 


The  Direct  Simulation  Monte  Carlo 
of  the  Laser  Ablation  Products  Expansion  in  Vacuum  * 
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St.  Petersburg,  Russia 


1  Introduction 

Laser  ablation  is  an  important  process  for  films  de¬ 
position  technology.  Ablation  process  results  gas 
or  plasma  fiow  from  a  target  surface  toward  a  sub¬ 
strate.  The  film  thickness  distribution  depends  on 
gas  parameters  distribution  in  a  flow  field.  Under¬ 
standing  of  a  whole  flow  picture  is  very  important 
here.  In  general  case  it  is  possible  to  distinguish 
particular  stages  and  regions  in  the  flow.  General 
gasdynamic  model  for  description  of  ablation  prod¬ 
ucts  expansion  is  considered  in  this  work. 

Non-stationary  laser  ablation  process  modelling  are 
enough  difficult  for  computing  and  requires  devel¬ 
opment  of  high-performance  algorithms  for  efficient 
calculations.  We  concern  solution  of  this  problem 
in  this  paper. 


2  Method 

Laser  jets  have  been  simulated  by  the  DSMC 
method  under  following  setting.  2D  axisymmetri- 
cal  expansion  in  vacuum  of  laser  ablation  products 
from  a  round  one-component  solid  target  is  consid¬ 
ered.  Laser  ablation  process  is  described  as  process 
of  atoms  thermal  emission  under  given  parameters 
of  atoms  velocity  distribution  function  at  the  tar¬ 
get  surface  /„,.  During  ablation  process  (ablation 
duration  t,)  parameters  at  the  surface  remain  con¬ 
stant.  Under  this  setting  products  of  ablation  are 
atoms.  Inelastic  processes  (ionization,  condensation 
etc)  are  not  considered.  NTC-scheme  is  used  for 
description  of  atoms  collisions  and  elastic  collisions 
mechanics  corresponds  to  VHS-model  [1]. 

For  the  direct  simulation  of  non-stationary  flow 
high-efficient  parallel  algorithm  was  employed.  This 
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algorithms  provides  execution  of  particular  statis¬ 
tical  independent  calculations  for  statistical  aver¬ 
age  in  particular  processors  and  gives  possibility 
to  achieve  near  maximum  speedup  and  efficiency. 
Computing  was  fulfilled  with  the  use  of  parallel  sys¬ 
tem  Parsytec  CC/16. 

In  terms  of  molecular  gasdynamic  method  dimen¬ 
sionless  parameters  of  considered  flow  (in  this  set¬ 
ting)  are  determined  by  the  type  of  function  fu,, 
particles  collision  model,  Knudsen  number  Kn  = 
Xw/d  (Au,  '  free  length  path  near  the  target  sur¬ 
face,  d  -  target  diameter)  and  by  two  dimensionless 
parameters  (Struhal  numbers):  t,  =  t,Uw/d  and 
T  =  tuuild  (uu,  -  center-of-mass  velocity  near  the 
target  surface).  Two  models  for  u  were  considered: 
(1)  Maxwell  distribution  function  with  =  0, 
that  corresponds  to  classical  atoms  thermal  emis¬ 
sion  from  a  surface,  (2)  Maxwell  distribution  func¬ 
tion  with  Uw  =  a,  that  corresponds  to  outflow  gas¬ 
dynamic  model  under  Mach  number  M  =  1  (a  - 
sound  velocity). 

3  Results 

flow  evolution  includes  two  stages.  First  one  (abla¬ 
tion  stage)  corresponds  to  the  time  interval  t  <  t,, 
second  one  (stage  of ’’flying  away”)  corresponds  to 
t  >  t,,  when  there  is  no  surface  ablation.  Flow 
picture  for  both  stages  depends  strongly  on  the 
value  of  r, .  It  is  possible  to  distinguish  three  ba¬ 
sic  flow  regimes:  regimes  of  short  (t,  «  1),  mid¬ 
dle  (r,  «  1)  and  long  {t,  »  1)  impulses.  Under 
r,  <<  1  gas  motion  in  the  stage  of  outflow  (r  <  r,) 
is  practically  one-dimension  and  corresponds  to  a 
flow  in  a  plate  rarefaction  wave.  Under  r,  >  I 
the  flow  has  2D  and  more  difficult  structure.  In¬ 
vestigation  had  been  fulfilled  for  r,  =  0.1  —  10, 
Kn  =  10“*  -  10“^  and  r  >>  t,. 

For  long  impulse  regimes  under  r  >  1  steady  flow 
field  are  formed  near  target.  With  elevation  of  r  size 
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of  this  field  is  rising.  Steady  flow  formation  speed 
in  central  and  side  domains  is  different.  In  cen¬ 
tral  domain  this  formation  proceeds  more  quickly 
and  practically  does  not  depend  on  Kn  number.  In 
non-stationary  flow  area  character  of  expansion  cor¬ 
responds  approximately  to  a  spherical  rarefaction 
wave.  Peculiarities  of  translation  relaxation  in  sta¬ 
tionary  and  non-stationary  flow  areas  are  consid¬ 
ered.  Data  about  distribution  functions  is  given. 

Under  r  >  r,  jet  outflow  is  transforming  to  the 
space  flying  away  of  outflowed  gas,  density  curve  at 
the  axies  becomes  non-monotonous.  Density  max¬ 
imum  value  decreases  rapidly  under  increase  of  a 
distance  from  a  target.  End  of  ablation  process  re¬ 
sults  rebuilding  of  density  curves.  Under  t  >  t, 
velocity  value  near  target  surface  is  equal  to  zero. 
Value  of  velocity  is  rising  monotonously  with  in¬ 
crease  of  a  distance  from  a  target.  With  the  lapse 
of  time  axial  density  curve  becomes  linear.  Pecu¬ 
liarities  of  space  products  ablation  flying  away  were 
investigated.  Under  Kn  <  0.1  general  picture  of  ex¬ 
pansion  depends  weakly  on  Kn  number.  Decrease 
of  r,  (0.1  <  T,  <  10)  leads  to  narrowing  of  solid 
angle,  within  which  main  part  of  gas  is  flying  away. 


Simulations  data  corresponds  well  to  the  experi¬ 
mental  data  [2]  and  gives  possibility  to  explain  the 
effect  of  forward  peaked  angular  distribution  under 
short  durations  of  laser  pulse. 
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Thin  Film  Growth  Dynamics  on  Solids  with  Defects  * 
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The  growth  dynamics  of  multilayer  adsorbed  films 
is  one  of  the  actual  and  actively  studied  problems  in 
microelectronics,  material  researches,  device  design, 
vacuum  technologies.  It  contains  the  most  difficult 
questions  of  synergetics  (nonlinear  transfer,  phase 
transitions,  instabilities).  In  the  present  report  the 
problem  of  detailed  growth  kinetics  of  multilayer 
films  on  the  solids  with  defects  is  investigated  in  the 
frame  of  so  called  generalized  kinetic  BET  -  model 
(GKBET  -  model)  [1,2].  According  to  assumptions 
of  GKBET  -  model  the  thin  film  growth  is  described 
by  the  equation 

dt9(Q,t)  =  5]A/(a,o|0)[B^(Q|^')-B^(Q|5)] 

Q 

+  A(o|^)[exp(/i')-B»(o|0)]  (1) 


B^'-’Col^) 

M(q,q|0) 

A{Q\e) 

^w’(q,q|^) 


exp  [/i^'‘*(a|^)]  , 

-e^'“(a)-,^0(Q)  +  ln^; 

iy,ui’{Q,Q\e)q{e)q{e'), 
i/ia(Q|0)9(0),  s=l,2; 

1;w(q,q|0)  =  w(q,o|0), 


r  i-e{a), 


m  =  < 


{l-0(a)}0(a_), 


/  =  !  q  =  (1,R) 
I  >  2 

Q_  =  (/-  LB) 
q[e')  =  q(e{a)) 


In  this  equation  are  the  diffusion  and  adsorp¬ 
tion  potentials,  respectively;  6{a,t)  is  the  cover¬ 
age;  i/i  2  are  the  frequences  of  adatom  vibrations  in 
the  normal  and  tangential  directions,  respectively; 
u‘(a,a)  are  the  average  probabilities  of  diffusion 
jumps;  a(o|0)  is  the  adsorption  probability;  j  is  the 
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density  flux  of  gaseous  atoms;  <r  is  the  area  of  a  cell; 
4>  =  0z(nn,  0  =  T  is  the  temperature;  z  is 

the  coordination  number  of  adsorbate,  c„„  is  the  en¬ 
ergy  of  lateral  interactions  of  adatoms;  o  =  (/,  B), 
I  is  the  number  of  thin  film  layer,  B  is  the  two- 
dimensional  radius  vector.  Using  9{a,t)  one  can 
calculate  various  parameters  of  growing  films,  such 
as  the  mean  local  height  h{R,i),  its  mean  disper¬ 
sion  A(B,  t)  according  to  the  relations  (given  in  one 


layer  height  units) 

h(R,i)  = 

Ni{R,t) 

No{R,ty 

A(R,t)  = 

N2iR,t)-h^ 
No{R,t)  ’ 

A^o(fi,<)  = 

1  +  ]^^(q,<), 

l<2 

f^i(R,t)  = 

i+5]/<?(o,<), 

/<2 

N2{R,t)  = 

1  + j^/20(o,f). 

l<7 

The  dependence  of  thin  film  growth  dynamics  on 
the  solids  defects  are  investigated  in  the  frame 
of  appropriate  initial  boundary  value  problems  for 
Eq.(l). 

In  the  report  I  consider  also  the  case  when  the  de¬ 
posited  particles  are  created  in  the  gas  phase  due  to 
chemical  reactions.  In  this  case  it  is  necessarily  to 
find  the  flow  as  the  solution  of  the  following 

problem 

=  D,Aj(r,t)  +  Q(;(r,t)),  (2) 

=  a(a.^))nVj(D  <)!*(/{,*), 

where  n  is  the  unit  normal  vector  to  thin  film  sur¬ 
face;  Dg  is  the  matrix  of  the  diffusion  in  the  gas 
phase;  the  operator  Q  describes  the  chemical  reac¬ 
tions;  r  is  three-dimensional  radius  vector;  h(R,  t) 
is  the  profile  of  thin  film. 

In  the  report  the  above  mentioned  parameters  of 
thin  film  growth  are  obtained.  The  comparison  of 
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these  results  obtained  in  the  frame  of  GKBET  - 
model  with  experimental  data  and  the  results  of 
other  authors  are  carried  out  using  the  singular 
spectrum  analysis. 
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DSMC  Study  of  the  Expansion  of 
Laser-Evaporated  Material  into  Vacuum  * 

M.Yu.  Plotnikov,  N.M.  Bulgakova,  A.K.  Rebrov 
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The  objective  of  this  work  is  to  study  the  genera¬ 
tion  and  expansion  of  a  cloud  of  laser-evaporated 
material  from  a  target  into  vacuum  in  a  wide  range 
of  the  Knudsen  number  up  to  continuum  region  for¬ 
mation  with  the  Knudsen  layer  near  the  evaporated 
surface,  using  unsteady  Direct  Simulation  Monte 
Carlo  method  (DSMC)  [1].  Special  attention  is  paid 
to  the  investigation  of  translational  nonequlibrium 
and  Knudsen  layer  formation  near  evaporation  sur¬ 
face. 

Evaporation  is  assumed  to  take  place  from  a  round 
spot  of  a  radius  /2  in  a  time  interval  Ti,  according  to 
diffusive  law  with  the  particle  energy  corresponding 
to  the  surface  temperature  T,.  The  particle  flux  ^  is 
constant  during  time  Tj  and  equal  to  n^vx/A  where 
vt  =  \/8kT,/{nm).  Here  m  is  the  molecular  mass 
and  k  is  the  Boltzmann  constant.  All  the  molecules, 
which  reach  the  target  surface  when  moving  back  to 
the  target,  are  condensed.  Expansion  occurs  during 
a  given  time  t  in  an  axially  symmetric  volume  of 
radius  Hi  whose  walls  are  fully  absorbing.  At  a 
distance  h  from  the  target,  a  substrate  is  located 
where  the  particle  absorbtion  takes  place  as  well. 
Considered  evaporation  corresponds  to  rather  small 
laser  fluences  when  the  ionization  processes  may  be 
neglected. 

Gas-dynamic  analysis,  from  the  standpoint  of  the 
theory  of  similarity  and  dimensions,  allows  to  rec¬ 
ognize  the  governing  criteria  of  the  problem  -  char¬ 
acteristic  Knudsen  numbers: 

1)  Krti  =  l/R  where  /  is  mean  free  path  which  is 
determined  by  the  molecule  density  no; 

2)  Kn^  =  1/{vtTi)  where  vtTi  is  the  distance  which 
is  passed  by  a  molecule  with  mean  velocity  in  time 

n- 

To  characterize  nonequilibrium  degree  in  the  ex¬ 
panding  cloud,  a  concept  of  a  local  Knudsen  number 
Kni  =  is  used  where  n  is  the  density  and  A  is 
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Figure  1:  The  distribution  of  the  temperatures 
along  the  different  directions  for  the  time  f/rj  = 
1;2;5;10  (line  1, 2,3,4  correspondingly).  Kn^  = 
0.0177. 

the  local  mean  free  path.  In  the  numerical  exper¬ 
iments,  the  temporal  and  spatial  evolution  of  the 
flow  parameters  has  been  investigated. 

The  data  on  the  angle  distribution  of  the  deposit 
along  a  substrate  placed  in  parallel  with  the  tar¬ 
get  for  Knudsen  number  Krii  =  10“®  have  been 
obtained  as  well. 

A  wide  series  of  calculation  has  been  carried  out 
for  the  case  of  expansion  from  a  flat  infinite  sur¬ 
face  (one-dimensional  case).  Planar  expansion  of  a 
gas  is  of  interest  for  understanding  of  the  nonequi¬ 
librium  processes  in  the  immediate  vicinity  of  the 
evaporated  surface.  Let’s  consider  in  detailes  the 
peculiarities  of  the  planar  cloud  expansion  into  vac¬ 
uum  by  the  example  of  Kn2  =  0.0177.  Degree  of 
nonequilibrium  is  characterized  by  the  comparison 
of  the  temperatures  (the  energies  of  the  chaotic  mo¬ 
tion)  along  the  different  directions  (fig.l).  The  dif¬ 
ference  between  the  temperatures  Tx  and  Tn  (per- 
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Figure  2:  The  distribution  of  the  temperatures 
along  the  different  directions  and  Knudsen  number 
Kni  for  a  time  i  =  ri.  Krii  =  0.002. 


become  small.  Farther  from  the  evaporated  sur¬ 
face  Kni  increases,  and  the  flow  becomes  nonequi¬ 
librium  again.  When  Kn2  is  an  order  lower  (for 
Kn2  =  2  X  10“^),  the  value  Kni  is  stabilized  at  a 
level  of  about  0.005.  In  both  cases  equilibrium  ap¬ 
proached  in  subsonic  region.  These  results  allow 
to  conclude  that  a  continuum  region  in  the  plume 
occurs  under  Kn2  <  2  x  10“^. 
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pendicular  and  parallel  to  the  target  surface,  re¬ 
spectively)  thorough  the  time  everywhere  in  the 
expanding  cloud  point  to  the  essential  nonequilib¬ 
rium  in  the  cloud  under  given  conditions.  A  distinc¬ 
tive  feature  of  a  considered  flow  is  that  to  the  time 
t  =  2ti  the  temperature  Tx  acquires  a  maximum  in 
the  cloud  "core”  which  persists  during  succeeding 
expansion.  The  temperature  Tn  always  exceeds  Tx. 
Increasing  of  T||  with  the  distance  from  the  surface 
can  be  explained  by  earlier  arrival  to  this  region  of 
high-energy  molecules  which  have  undergone  lesser 
collisions  and  keep  "the  memory”  about  the  energy 
after  previous  collisions  or  start  from  the  surface. 
When  A'n2  decreases,  a  region  with  translational 
equilibrium  arises  in  the  flow  for  a  period  of  time 
(the  region  with  Kni  <  0.01).  Formation  of  the 
flow  region  with  the  conditions  close  to  equilibrium 
is  associated  both  with  the  density  increase  near 
the  surface  and  with  the  decrease  of  the  parameter 
gradients  during  filling  the  space  by  gas  (vapor). 

To  answer  the  question,  under  what  conditions, 
namely,  for  what  minimum  values  of  An 2,  a  contin¬ 
uum  region  with  An/  <  0.01  begins  to  be  formed, 
the  calculations  of  parameter  distributions  were  car¬ 
ried  out  for  An2  in  the  range  2  x  10“®  —  2  x  10“^. 
Figure  2  presents  the  distributions  of  the  tempera¬ 
tures  Tx  and  T||  and  Knudsen  number  K  nt  with  the 
distance  from  the  evaporated  surface.  The  value  of 
local  Knudsen  number  decreases  sharply  near  the 
surface  and  takes  a  stable  value  of  about  0.02  in 
the  region  where  the  difference  between  Tx  and  7]| 
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The  Optimization  of  Internal  Gas  Flow  in  a  Centrifuge  * 

O.E.  Aleksandrov,  B.T.  Porodnov,  V.D.  Seleznev 
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Urals  state  technical  university 
Ekaterinsburg,  Russia 


The  efficiency  improvement  of  gas  centrifuges  re¬ 
quires  the  prediction  of  the  maximum  theoretical 
separation  coefficient.  The  purpose  of  this  paper  is 
to  work  out  the  theory  of  the  centrifuge  separation 
coefficient  and  to  obtain  the  analytical  expression 
for  the  maximum  separation  coefficient  as  a  func¬ 
tion  of  centrifuge  parameters. 

The  centrifuge  type  known  as  Zippers’  centrifuge, 
widely  used  in  the  uranium  enrichment  industry,  is 
considered.  This  work  is  based  on  the  method,  de¬ 
veloped  by  Cohen  [1].  The  main  difference  from  the 
former  investigations  is  that  we  find  the  maximum 
separation  coefficient  for  a  fixed  feed  stream. 

First  of  all  we  modify  the  derivation  of  Cohens’  dif¬ 
fusion  equation  to  remove  the  restriction  of  uniform 
circulation  gas  flow  along  the  centrifuge  axis.  The 
suggested  modification  consists  of  the  separation 
of  the  internal  gas  flow  onto  two  parts:  the  vor¬ 
tex  flow  and  the  potential  flow.  Using  this  method 
we  can  prove  that  the  modified  Cohens’  method  is 
applicable  in  the  case  of  strongly  non  uniform  gas 
flow  along  the  centrifuge  axis.  The  obtained  analog 
of  Cohens’  diffusion  equation  has  some  differences 
from  the  original  one  and  permits  us  to  better  un¬ 
derstand  the  role  of  the  internal  gas  flow  in  cen¬ 
trifuge  performance. 

In  the  next  step  we  suggest  the  more  general 
method  of  linearization  for  the  nonlinear  Cohens’ 
diffusion  equation  and  obtain  the  equation  solution. 
On  the  basis  of  this  solution,  the  perfect  centrifuge 
problem  is  formulated.  The  similarities  and  pecu¬ 
liarities  of  the  perfect  centrifuge  related  to  the  per¬ 
fect  cascade  are  discussed  also. 

Finally  the  perfect  centrifuge  separation  coefficient 
and  the  optimal  axial  intensity  profile  of  the  inter¬ 
nal  gais  flow  are  obtained.  The  perfect  centrifuge 
separation  coefficient  is  significantly  higher  then  in 
the  case  of  uniform  axial  gas  flow.  However,  the 
perfect  centrifuge  axial  flow  profile  differs  from  the 

'Abstract  6526  submitted  to  the  21st  International  Sym¬ 
posium  on  Rarefied  Gas  Dynamics,  Marseille,  France,  July 
26-31,  1998 


circulation  intensity  profile  in  a  perfect  cascade.  A 
centrifuge  may  be  represented  as  a  cascade  with  the 
cascade  unit  separation  coefficient  dependent  on  the 
circulation  intensity. 

The  reported  research  gives  us  a  way  to  optimize 
the  internal  flow  in  the  centrifuge,  it  also  shows 
the  upper  limits  of  the  centrifuge  efficiency.  For 
instance,  we  can  confirm  that  the  short  centrifuge 
is  more  efficient  than  a  long  centrifuge  in  the  case 
of  perfect  internal  flow. 
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Pulsed  laser  ablation  has  attracted  a  great  attention  over  past  few  years  as  an 
efficient  method  for  depositing  thin  films.  The  theoretical  studies  of  this  phenomenon 
[1-3]  show  that  when  the  yield  of  material  is  sufficiently  high,  gas-phase  interactions 
occur  leading  to  the  formation  of  a  Knudsen  layer  (KL)  that  evolves  into  unsteady 
adiabatic  expansion  (UAE).  In  the  Knudsen  layer,  the  initially  non-equilibrium  velocity 
distribution  transfers  into  Maxwell-Bolzmann  distribution  with  flow  velocity.  Then, 
during  UAE  the  flow  is  in  equilibrium  and  analytical  solution  can  be  obtained  using 
gas-dynamic  equations  that  are  valid  until  the  transition  of  the  flow  to  free-flight  [3]. 

However,  both  in  Monte  Carlo  simulations  and  in  experiments  there  was  an 
indication  that  the  results  were  better  fitted  using  an  elliptical  Bolzmann  distribution 
with  two  temperatures:  a  temperature  Tz  parallel  to  the  flow  velocity  and  an  oblique 
temperature  Txr.  In  the  present  study  we  note  that  this  distribution  can  result  from  the 
disturbance  of  equilibrium  distribution  during  the  transition  of  the  flow  to  free 
molecular  flight,  that  gives  rise  to  the  deviation  of  the  parallel  temperature  Tz  from  the 
perpendicular  one  (Jxri  [4].  The  temperature  parallel  to  the  flow  velocity  tends  to  be 
frozen  as  a  result  of  free-expansion,  while  the  kinetic  temperature  in  perpendicular 
direction  decreases  with  the  increase  of  the  distance  from  the  surface.  This  result  is  in 
agreement  with  our  previous  Monte  Carlo  simulation. 

Here,  with  the  aid  of  both  Monte  Carlo  simulation  and  momentum  method  we 
relate  the  parameters  of  the  resulting  velocity  distribution  function  with  the 
characteristics  of  the  flow  before  the  transition  to  free  flight.  Using  KL-UAE  solution 
the  resulting  parameters  can  be  connected  with  initial  conditions. 

It  should  be  noted,  that  for  more  rigorous  analysis,  the  condensation  of  vapor 
must  be  considered,  resulting  from  the  supersaturation  in  the  vicinity  of  the  irradiated 
surface.  The  investigation  of  these  phenomena  is  also  under  way. 
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The  transport  of  laser-ablated  atoms  in  a  diluted  gas  is 
described  by  linear  Boltzmaim  equation.  The  most 
elaborated  (from  mathematical  standpoint)  approach 
to  the  solution  of  such  equations  by  Monte  Carlo 
method  is  the  following  one: 

1.  the  equation  in  question  is  written  in  integral 
form; 

2.  all  values  to  be  calculated  are  expressed  through 
functional  dependencies  (integrals)  of  the  integral 
equation  solution; 

3.  the  evaluation  of  the  functional  dependencies  over 
Markov’s  chain  is  applied  in  order  to  obtain 
numerical  results. 

Such  approach  to  numerical  simulation  is  rather  well 
elaborated  for  transport  of  neutrons  and  infra-red 
radiation.  The  list  of  its  main  advantages  includes: 

•  the  possibility  of  developing  numerical  methods 
for  “true”  local  characteristics  of  the  process  in 
question  and  not  for  ones  averaged  over  some 
regions; 

•  sophisticated  formal  mathematical  methods  for  the 
study  of  corresponding  equations  and  convergence 
of  numerical  Monte  Carlo  procedures; 

•  easy  calculation  of  results  accurac\’. 

In  this  paper  we  represent  the  results  of  construction 
of  functional  dependencies  of  integral  equation 
solution  for  the  calculation  of  ablated  atoms  flux  in  an 
aibitraiy  point.  Such  formal  mathematical  approach 
allows  to  investigate  the  bcha\ior  of  physical 
parameters  near  axis  of  symmetry.  We  also  investigate 
the  possibility  of  creating  similar  mathematical 
methods  for  time-dependent  Boltzmann  equation  and 
obtaining  time-dependent  characteristics  of  process  of 
transport  of  ablated  atoms. 
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Free  Molecular  Internal  Flows 
in  Complex  Axisymmetrical  Structures  * 

Paklin  B.L. 

Novosibirsk  State  Technical  University,  Russia 


This  paper  deals  with  a  new  approach  of  Monte 
Carlo  simulation  algorithm  of  Clausing  coefficient 
calculation  for  molecular  fluxes  through  complex 
axisymmetrical  structures.  This  parameter  means 
the  molecule  probability  to  overcome  a  channel  with 
arbitrary  geometrical  configuration. 

Two  limits  exist  while  considering  internal  flows  in 
transition  regime  -  free  molecular  and  continuous 
ones.  Free  molecular  simulation  can  easy  provide 
the  main  effect  and  due  to  its  simplicity  allows  to 
desolve  practically  important  problems  [1,  2].  It  is 
obviously  clear  theoretical  and  any  numerical  re¬ 
sults  should  be  tested  by  free  molecular  limit.  For 
this  reason  it  is  necessary  to  apply  simple  and  reli¬ 
able  algorithm  that  can  permit  to  fulfil  this  goal. 

A  new  algorithm  suggested  in  this  paper  allows  for 
a  short  time  to  elaborate  and  test  program  practi¬ 
cally  excluding  errors.  So  simplicity  and  reliability 
are  the  main  features  and  advantages.  As  in  any 
Monte  Carlo  technique  we  should  simulate  a  num¬ 
ber  of  molecular  histories.  Considering  molecular 
path  as  a  direct  line  the  intersection  with  control 
parallel  planes  is  defined.  This  approach  means  the 
solution  of  the  first  order  equation.  If  molecule  has 
passed  the  control  surface  it  is  followed  by  in  an 
other  section.  In  negative  case  the  interaction  with 
axisymmetrical  surfaces  of  internal  walls  is  consid¬ 
ered.  Only  in  last  case  it  is  necessary  to  solve  the 
second  order  equation.  The  fastest  calculation  is 
obvious  advantage.  Logical  scheme  of  such  algo¬ 
rithm  is  very  simple  and  possible  for  any  axisym¬ 
metrical  structures  of  internal  flows. 

There  is  some  analogy  with  light  rays.  It  is  clear 
light  rays  or  photons  can  not  overcome  converg¬ 
ing  channels  even  for  specular  walls  and  absolutely 
black  body  or  black  hole  can  be  mentioned  as  a  re¬ 
sult  of  this  consideration.  It  looks  like  a  trap.  For 
diverging  channels  light  pass  straight  fully.  The  in¬ 
tegral  effect  of  any  pair  of  surfaces  can  be  estimated. 
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From  this  point  of  view  it  is  possible  to  analyze  the 
productivity  of  vacuum  devices  and  make  molecu¬ 
lar  flux  estimations  as  upper  limit  for  any  kind  of 
industrial  apparatus. 

Some  interesting  fundamental  results  will  be  pre¬ 
sented  in  full  paper. 
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Computations  using  a  continuum  Navier-Stokes 
(CFD)  and  direct  simulation  Monte  Carlo  (DSMC) 
were  performed  in  2D,  and  compared  to  experimental 
data  and  an  analytical  solution  for  radial  flow  between 
parallel  disks.  The  flow  conditions  spanned  the 
regime  between  the  limits  of  continuum  and  free 
molecular  flow.  The  data  and  analytical  solution  used 
in  the  comparisons  were  presented  previously  [1],  and 
investigated  helium,  nitrogen  and  argon  gases  in  the 
exTierimental  parallel  disk  flows. 

The  DSMC  code  (2)  was  modified  to  correctly  handle 
boundary  conditions  in  subsonic  flow  [3]  in  a  manner 
as  similar  to  the  boundary  conditions  used  in  CFD  as 
was  possible.  The  CFD  software  [4]  incorporated  slip 
boundary  conditions  (5)  to  e.xtend  its  application  into 
the  transition  flow  regime.  Results  showed  that  the 
anal>lical  solution,  DSMC,  and  experimental  data 
matched  extremely  well.  DSMC  results  were  obtained 
for  Knudsen  numbers  of  0.1,  1,  and  100.  The  CFD 
results  showed  the  expected  good  comparison  for 
continuum  flow  conditions,  and  also  slightly  into  the 
into  the  near  continuum  portion  of  the  transition 
regime.  However,  CFD  with  slip  boundary  conditions 
showed  a  surprising  ability  to  capture  the  trends  seen 
in  the  data  out  to  Knudsen  numbers  as  large  as  S, 
though  the  absolute  errors  were  expectedly'  large. 
Applicability  of  CFD  in  these  flows  is  typically  quoted 
as  being  limited  to  Knudsen  numbers  less  than  0.05  - 
0.1. 

This  result  has  an  industrial  application  in  the  design 
of  electrostatic  chucks  in  chemical  vapor  deposition 
(CVD)  semiconductor  equipment.  In  between  the 
wafer  and  the  surface  of  the  electrostatic  chuck,  a  gas 
flow  of  helium  is  used  to  proyide  some  controlled 
cooling  of  the  wafer  in  the  CVD  reactor.  The  gap 
between  the  wafer  the  and  the  chuck  is  small  enough 
such  that  much  of  the  floyv  there  is  well  into  the 
transition  regime.  In  some  thin  film  processing 


applications,  the  cooling  of  the  wafer  needs  to  be 
controlled.  If  the  flow  and  heat  transfer  is  in  the 
transition  regime,  a  change  in  gas  pressure  can  be 
used  to  vary  the  heat  transfer  betyveen  the  wafer  and 
chuck,  and  thus  control  the  wafer  temperature  as 
different  processes  are  performed. 

Hoyvever,  the  chuck  geometry  also  includes  portions 
of  the  flow  that  are  almost  continuum  in  nature. 
DSMC  is  a  logical  computational  approach  to  try  for 
this  transition  floyv  problem.  However.  DSMC  codes 
yvill  be  very  sloyv  to  run  in  this  problem  due  to:  1)  the 
very  sloyv  gas  floyv  velocities  (~1  m/s).  2)  the  large 
dimension  in  the  floyv  direction  (100-150  mm).  These 
factors  result  in  extremely  long  run  time  requirements 
to  get  statistically  significant  molecular  sampling  for 
an  accurate  solution.  The  time  requirement  estimates 
shoyv  that  DSMC  is  not  currently  capable  of  providing 
solutions  in  an  industrial  time  scale  (several  days  of 
CPU  time). 

The  2D  radial  floyv  problem  examined  here  has  a  very 
similar  geometry  to  the  wafer/chuck  geometry.  If  the 
success  of  the  2D  CFD  models  with  slip  boundary 
conditions  can  be  extended  to  the  geometrically 
complex  3D  yvafer/chuck  problem,  some  limiting, 
yvorst  case  floyv  conditions  can  be  estimated. 
Successful  computations  like  this  would  allow  for 
some  degree  of  optimization  in  the  design  of  the  flow 
channels  on  the  chuck.  Additionally,  this  type  of 
model  might  also  be  extended  to  compute  the 
conjugate  heat  transfer  through  the  silicon  wafer  to 
the  cooled  chuck.  Such  a  model  might  suggest  design 
changes  to  optimize  process  control  of  the  thin  film 
deposition  and/or  increase  the  thermal  uniformity  on 
the  wafer  to  improve  thin  film  quality. 
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In  previous  papers  [I]  the  mechanism  of  flow  pat¬ 
tern  reconstruction  (FPR)  behind  shock  wave  (SW) 
was  proposed.  A  new  pattern  is  distinguished  by 
high  gradients  of  physical  quantities  as  well  as  by 
intensive  radiation  ("flashes”  of  radiation)  behind 
the  wave  front.  However  there  was  no  confirmation 
in  kinetics.  In  this  work  such  confirmation  is  in¬ 
tended  to  get  due  to  new  ideas  suggested.  So,  the 
principle  idea  of  previous  proposal  was  the  cubic  de¬ 
pendence  of  radiation  intensity  on  the  components 
concentrations.  Now  there  os  an  opinion  that  in 
atoms  and  ions  of  some  gases  ( Ar,Xe)  distribution  of 
metastable  and  resaunance  excitation  levels  is  suit¬ 
able  for  cubic  radiation  model.  Besides  that,  high 
mobility  of  charged  particles  in  plasma  make  up  to 
take  into  account  the  effects  of  ambipolar  diffusion. 
In  accordance  with  classic  principles  of  sinergetics 
it  is  the  balance  between  third  order  nonlinearity 
and  diffusion  leads  to  arising  of  dissipative  struc¬ 
tures.  Computations  of  plasma  flow  behind  ioniz¬ 
ing  shock  wave  in  At  carried  out  in  accordance  with 
suggested  model  indeed  show  the  abrupt  but  adia¬ 
batic  jump  of  gase  density  by  3-4  times  as  it  should 
be  in  additional  shock  wave,  the  pressure  rises  by 
about  20possibility  of  control  of  external  and  inter¬ 
nal  reacting  gase  flow  at  high  Mach  number  with 
use  of  effect  investigated. 
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In  many  problems,  non-locality  in  space  must  be 
considered  as  well  as  non-Markovian  character  (or 
non-locality  in  time).  Therefore,  we  have  extended 
our  previous  work  [1]  to  the  study  a  non-uniform 
weakly  non-ideal  multicomponent  plasma. 

We  made  a  double  expansion  of  the  resolvent  for  the 
BBGKY  hierarchy  in  the  plasma  approximation, 
both  in  the  non-Markovianity  and  non-uniform  pa¬ 
rameters  (respectively,  the  inverse  product  of  the 
plasma  frequency  times  the  relaxation  time  and  the 
ratio  of  the  Debye  length  to  the  mean  free  path). 
We  have  obtained  in  this  way  the  pair  correlation 
function  which  determines  the  non-dissipative  prop¬ 
erties  of  the  non-ideal  system  as  well  as  the  dissipa¬ 
tive  contributions  to  the  collision  integral.  There¬ 
fore  a  non-linear  kinetic  equation,  which  is  non-local 
in  space  and  time  in  a  consistent  approximation,  has 
been  deduced.  This  equation  is  a  generalization  of 
the  Balescu-Lenard  equation  for  the  inhomogeneous 
a  non  ideal  multicomponent  plasma. 

We  have  shown  that  this  equation  describes  cor¬ 
rectly  the  local  conservation  laws  for  the  particle 
density,  momentum  and  total  energy  in  an  approx¬ 
imation  which,  at  equilibrium,  is  equivalent  to  the 
Debye-  Hiickel  one.  This  equation  is  then  the  basis 
for  deriving  the  nonlinear  hydrodynamics  of  non¬ 
ideal  plasmas. 
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The  phenomenon  of  the  drift  of  a  binary  gas  mix¬ 
ture  induced  by  a  resonant  optical  radiation  has 
been  studied  theoretically  at  intermediate  Knudsen 
numbers  (Kn). 

A  kinetic  theory  of  the  light-induced  drift  (LID) 
of  a  gaseous  mixture  was  developed  in  Ref.[l]  at 
arbitrary  Kn.  However,  the  results  obtained  there 
are  limited  by  the  assymption  that  the  radiative 
decay  rate  Pm  of  an  excited  level  is  small  compared 
to  the  intermolecular  collision  rate  7„,  i.e.  Tmn  = 
Lm/Tn  ^  1-  Such  approximation  can  be  realized 
for  molecules,  but  it  is  difficult  to  execute  for  one- 
atomic  gas.  For  this  reason  the  theory  [1]  does  not 
describe  experiments  [2]  on  LID  of  natrium  vapour 
in  inert  gases. 

In  this  work  the  theory  of  LID  for  a  binary  gas  mix¬ 
ture  has  been  studied  at  arbitrary  values  of  param¬ 
eter  Fmn  and  Kn  number.  It  is  assumed  that  the 
radiation  intensity  is  uniform  along  the  cross  sec¬ 
tion  of  the  capillary.  The  change  in  intensity  along 
the  capillary  is  small.  It  is  considered  the  case  in 
which  the  concentration  of  absorbing  species  is  low. 
The  two-level  approximation  for  absorbing  parti¬ 
cles  is  used.  A  traveling  light  wave  is  absorbed  by 
molecules  in  the  electronic  or  vibrational-rotational 
transition  from  the  ground  state  n  to  an  excited 
state  m.  The  velocity  distribution  functions  for  ex¬ 
cited,  ground-state  and  buffer  gas  molecules  satisfy 
the  system  of  three  kinetic  equations.  Specular- 
diffuse  reflection  model  is  used  as  boundary  condi¬ 
tion.  It  is  assumed  that  the  collisions  of  gas  parti¬ 
cles  with  the  capillary  wall  and  with  each  other  are 
elastic.  The  accomodation  coefficients  of  excited 
{Sm)  and  ground-state  (£„)  particles  are  different, 
and  the  effective  diameters  dm  and  d„  are  different 
too. 

The  surface  (accomodation)  and  bulk  (buffer) 
mechanisms  of  the  effect  which  are  inspired  respec¬ 
tively  by  the  difference  in  the  accomodation  coef¬ 
ficients  and  the  collision  cross  sections  for  excited 
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and  ground-state  particles  have  been  analyzed. 

In  assumption  of  small  difference  between  the  effec¬ 
tive  diameters  of  the  excited  and  ground-state  par¬ 
ticles  and  at  nearly  diffuse  scattering  of  particles  on 
the  capillary  surface,  for  the  flow  of  absorbing  gas 
Ji  (LID)  and  the  flow  of  buffer  gas  J2,  averaged 
over  the  cross-section  of  the  capillary,  the  following 
expressions  have  been  obtained: 

Ji  =  nrrA  ,  i=  1,2, 

As  —  £fi  £m  1, 

Ad  1 

■J—  1,  Ad  =  dm2  —  dn2,  dji  =  +  ^2)- 

Here  ni  is  the  number  density  of  absorbing  species, 
r  is  the  radius  of  the  capillary,  A  is  the  quantity  de¬ 
termined  by  the  radiation-gas  interaction  character¬ 
istics,  d2  is  the  effective  diameter  of  buffer  gas  par¬ 
ticles,  G,-^^  and  G-^^  are  the  dimensionless  kinetic 
coefficient,  characterizing  respectively  the  surface 
and  buffer  mechanisms  of  LID  (i  =  1)  and  buffer 
gas  flow  (i  =  2). 

The  analitic  expressions  for  Gp^  and  g|^^  have 
been  obtained  only  for  large  and  small  values  of 
the  Knudsen  number.  The  dependences  of  G|^^ 
and  gP^  on  Kn  and  on  rate  parameter  Fmn  have 
been  calculated  numerically  at  intermediate  Knud¬ 
sen  number.  It  has  been  shown  that  at  transition 
from  the  free-molecule  to  the  slip>-flow  regime  the 
values  of  surface  LID  decrease  monotonnically.  The 
dependences  of  magnitudes  of  G^^^  and  G^^^ 
on  Kn  have  a  maximum  at  ifn  ~  1  and  decrease 
to  zero  in  the  slip-flow  (Kn  — )■  0)  and  in  the  free- 
molecule  (Kn  00)  regimes.  The  dependences  of 
G,-^^  and  G,-^^  on  Kn  are  equidistant  at  any  rate 
parameter  Fmn  values. 

It  has  been  shown  that  the  surface  and  bulk  com¬ 
ponents  of  LID  decrease  at  fixed  Kn  if  the  rate  pa¬ 
rameter  Fmn  increases. 

The  kinetic  coefficients  which  characterize  the  LID 
depend  weakly  on  molecular  mass  ratio  mi/m2. 
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The  kinetic  coefficients  which  characterize  the 
buffer  gas  flow  depend  strongly  on  the  mi/ m2  and 
on  effective  diameter  ratio  dn/^z- 
The  theory  is  compared  with  the  experiments  on 
the  LID  of  natrium  vapour  in  inert  gases  [2].  Under 
experimental  conditions,  the  rate  parameter  Fmn 
increases  from  ~  0.3  at  high  pressures  of  buffer  gas 
to  ~  150  at  low  pressures.  Besides,  the  product 
TmnP  does  not  deped  on  the  pressure  p:  TmnP  ~ 
^.IkPa  at  any  p.  As  a  result  of  comparison  of  the 
theory  with  experiment  for  the  mixture  Na  —  He  it 
has  been  obtained: 

Ad/dn2  =  -4.05  *  10“®,  As  =  -3.07  »  10"®. 

The  same  comparison  of  the  theory  with  the  exper¬ 
iments  on  light-induced  drift  of  natrium  vapour  in 
argon  and  xenon  has  been  conducted.  As  a  result 
it  has  been  obtained: 
for  the  mixture  Na  —  Ar 

Ad/dn2  =  -1.36  ♦  10"®,  As  =  -7.33  ♦  10■^ 
for  the  mixture  Na  —  A'e 

Ad/dnz  =  -1.48  *  10"®,  As  =  -1.79  *  10"^ 

The  sign  in  numeral  meanings  of  thees  parame¬ 
ters  is  explained  by  that  the  flow  of  natrium  vapour 
is  opposite  to  the  radiation  direction.  The  theory 
describes  experimental  date  over  the  whole  range  of 
pressure  satisfactory. 
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The  ambient  ionospheric  electron  density  is  a  basic  plasma  parameter  in  Space  Physics.  The  electron 
density  can  be  obtained  from: 

1 .  The  electrostatic  (Langmuir)  probes. 

2.  A  Receiver  for  Exciter  (REX).  The  electron  density  is  obtained  from  the  detection  of  the 
characteristic  frequencies  of  the  plasma,  the  local  plasma  frequency,  the  local  cyclotron  frequency, 
and  the  cutoff  of  the  X  mode  of  propagation. 

3.  The  quadripolar  probe  (mutual  impedance  probes). 

4  The  resonance  impedance  probe. 

5.  The  HF  impedance  probe  (Sayer's  probe). 

In  this  study,  we  present  a  new  2-D,  quasistatic,  collisionless  fluid  model  of  the  HF  impedance 
probe,  the  numerical  simulation  of  the  signal  and,  an  optimal  design  of  the  electrodes.  This  new 
geometry  reduces  edge  effects  for  the  plasma  capacitor.  With  respect  to  previous  capacitor  models 
which  are  a  1-D  simulation,  we  include  the  transparency  of  the  grids  in  the  boundary  conditions,  we 
consider  the  edge  effects,  and  we  add  the  time-averaged  repelling  force  on  electrons  due  to  a 
nonlinear  effect  of  the  HF  near  field.  Finally  we  do  parametric  studies  of  the  working  frequency,  of 
the  geometry  of  the  electrodes. 

A.  Basic  theory  for  Sayer's  probes 

The  electrodes  consist  of  two  discs  in  the  form  of  transparent  grids,  approximately  10  cm  dia.  and 
spaced  10  cm  apart,  mounted  on  a  boom  emerging  from  the  spacecraft.  The  electron  density  probe 
measures  the  impedance  between  the  electrodes  at  a  working  frequency  o)  of  39  Mhz.  If  the  working 
frequency  is  high  enough,  the  permittivity  is  given  by  the  Appleton-Hartree  equation: 

K=  1-  (o)p/(o)*  ,  (Op.  (N.eVm  c,)*'*  (1) 

where  N.  ,e,  m  are  the  electron  density,  charge  and,  mass  respectively.  The  measurement  of  the 
capacitance  at  the  plasma  potential  enables  a  direct  estimation  of  the  average  electron  density. 
Because  the  floating  potential  of  the  spacecraft  is  negative,  it  is  necessary  to  detect  the  plasma 
potential  by  a  DC  sweep  in  potential  from  -6V  to  +6V.  However,  it  is  important  to  simulate 
numerically  the  variation  of  the  average  electron  density  between  the  electrodes  as  a  function  of  the 
applied  DC  potential. 

B.  The  mathematical  model 

We  consider  a  two-fluid  (electrons  and  ions)  model  of  the  plasma.  The  plasma  obeys  to  continuity 
and  momentum  equations  for  electrons  and  ions,  and  the  electrostatic  potential  is  described  by 
Poisson's  equation.  The  fluid  model  was  preferred  to  a  kinetic  model  because  of  the  high 
transparency  of  the  electrodes.  We  consider  a  quasi-steady  state  model: 
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V.(N.V.)=V.(N,V^  =  0 

(2) 

N.m.(V..V  )V.+  kBT.VN.+  N.e  (E^e  +E^) »  0  (3) 

N,m,(V,.V)V,  +  kBT,VN,  -N,eEj,«0  (4) 

V.Erf, »  e/e,(N,  -  N.)  (5) 

Edc“-VV,c  (6) 

Vpo«  =  (-e/4ni.6)*)  A*  (7) 


where  A  is  the  amplitude  of  HF  electric  field 

C.  The  boundary  conditions 

Our  model  is  based  on  the  following  hypotheses: 

we  assume  a  full  transparency  of  the  electrodes.  There  is  no  wall  effect. 

The  boundary  conditions  for  the  electric  potential  are: 

Vdc  (z=0)  -  .  (at  the  electrode  surface )  (8) 

8Vdt/3z(a)  =  0  ;  (Neuman's  condition  at  the  plane  of  symmetry)  (9) 


The  boundary  conditions  for  the  electron  density  are: 


We  assume  a  periodic  capacitor.  (10) 

3N^3z(z=a)  =  0  ;  (Neuman's  condition  at  the  plane  of  symmetry)  (11) 

At  the  outer  computational  boundary,  we  have: 

N,(P-“ )  =  N, (?-*«)  =  N.  ;  P  is  the  current  point.  (12) 

Vdc(P-~)»0  (13) 


D.  Optimal  design  of  the  electrodes 

A  major  problem  of  the  plasma  capacitor  is  edge  effects.  We  present  an  optimal  design  of  the 
electrodes.  The  constraints  are  a  uniform  electric  field  between  the  two  discs.  We  have  found  optimal 
geometries  for  guard  rings  around  the  electrodes,  where  the  electric  field  is  trapped.  The  next  figures 
represent  the  finite  element  computational  domain,  and  one  optimal  geometry  of  the  plasma  capacitor: 
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Calculation  of  Nonequilibrium  Radiation  in 
the  Low-density  Regime  with  Direct  Simulation  Monte  Carlo 

(DSMC)  • 


Chuanping  He,  Ching  Shen 
Institute  of  Mechanics,  CAS,  100080,  Beijing,  China 


1  Introduction 

The  DSMC  (Direct  Simulation  Monto  Carlo) 
method  is  widely  used  to  simulate  all  kinds  of 
complicated  phenomena  in  the  flows  of  low-density 
regimes.  Because  of  its  complexity  and  importance, 
nonequilibrium  radiation  has  become  an  interesting 
subject  and  a  considerable  number  of  papers  have 
been  devoted  to  it. 

In  this  paper,  the  Direct  Simulation  Monto  Carlo 
method,  incorporated  with  a  real  air  model  with 
thermal  radiation,  is  applied  to  nonequilibrium 
flows  in  the  transition  regimes.  Aside  from  the  basic 
models  used  by  Bird(l),  some  state-of-the-art  mod¬ 
els  are  introduced  in  dealing  with  chemical  reac¬ 
tions,  plasma  effects,  thermal  radiation  and  absorp¬ 
tion  process  respectively.  In  the  simulation  of  ther¬ 
mal  radiation,  a  group  of  collisional  excitation  num¬ 
bers  suggested  by  Bird(l)  are  used,  then  a  method 
proposed  by  A.B.  Carlson  et  al.(2)  is  involved  which 
bases  the  determination  of  these  numbers  on  the 
available  rate  data  for  electronic  excitation  and 
values  of  radiative  state  lifetimes.  While  dealing 
with  absorption  process,  both  the  constant  absorp¬ 
tion  cross  section(l)  and  the  method  advanced  by 
H.A.Hassan  et  al.(3)  are  used.  The  calculation  and 
the  comparisons  with  the  experimental  data  and 
numerical  results  show  the  advantages  and  disad¬ 
vantages  of  these  models. 

With  the  introduction  of  electrons  and  ions  gen¬ 
erated  from  the  related  chemical  reactions,  it  is 
necessary  to  calculate  the  corresponding  electric 
field  and  the  movement  of  the  electrons  and  ions  in 
this  self-induced  field.  It  seems  natural  to  obtain 
the  electric  field  by  solving  the  Poisson  equation 
according  to  the  charge  distribution,  but  Bird  men- 
tioned(l),  in  the  DSMC  method,  the  fluctuations 
in  the  charge  field  lead  to  electric  fields  far  stronger 
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than  the  real  fields.  In  the  recent  works  of  direct 
simulation  of  reentry  flows  with  ionization(e.g.(5)), 
the  concept  of  ambipolar  diffusion  is  introduced 
to  determine  the  self-induced  electric  field  and 
the  motion  of  the  charged  particles.  While  it 
is  successful  in  calculating  the  electric  field,  the 
field  is  obtained  indirectly  and  not  verified  by  the 
solution  of  the  Poisson  equation.  An  attempt  is 
made  to  test  the  validity  of  the  ambipolar  diffusion 
method  of  determination  of  the  electric  field  by 
applying  it  to  an  example  case  in  which  the  di¬ 
rect  solution  of  the  Poisson  equation(6)  is  available. 
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1  The  physical  problem 


The  object  of  the  work  is  to  predict  the  electronic 
density  and  the  self  consistent  electric  field  as  a 
function  of  space  and  time,  generated  by  a  jump 
in  both  temperature  and  density,  as  happens  for 
instance  in  laser-plasma  interaction. 

The  model  problem  is  represented  by  two  semi¬ 
infinite  media  kept  at  two  different  temperatures 
Too  and  Toi ,  with  Toi  >  Too,  and  two  different  den¬ 
sities,  A’oo  and  Noi,  with  A'oi  >  A'oo,  that  are  sud¬ 
denly  generated  at  time  t  =  0. 

The  problem  is  approached  starting  from  the 
Boltzmann- Vlasov  equation  [1],  [2],  written  in  its 
integral  form  to  treat  explicitly  and  more  easily  the 
above  discontinuity: 


/(r,v,t)  =  /(Ro,  Vo,<  =  0)exp  t)du' 

-f  y  du  |exp  J  X 

X  /  A' [R(u),  v' -4  V(u)]  X 

Jk, 


x/(R(u),v',u)dv'} , 


(1) 


where  R(u)  and  V(u)  are  the  solution  of  the  motion 
equations: 


dRju) 

du 

dV(u} 

du 


V(u), 

— ^E(R(u),ti), 

m. 


(2) 

(3) 


with  the  conditions  R(ti  =  t)  =  r  and  V(u  =  <)  = 
V,  respectively. 

The  electron  density  for  the  collisionless  case  can 
be  approximated  as: 


n^°^(r,f)  =  f  ,t)dy  = 


=  ^  exp  [-ut]  X  [AToi  -f  Noo- 

-Aoierf  <;  E(x,  <))^  -t- 

4A'ooerf  , 

(4) 

where  Vti(x,t;  E(x,t))  is  the  initial  velocity  along 
the  X  axis  of  a  particle  in  X(u  =  0)  =  0  at  time 
<  =  0  and  E(x,t)  the  self-consistent  electric  field. 
The  limit  initial  velocity,  calculated  from  the  mo¬ 
tion  equations,  is  found  to  be: 

Vii(x,t-,E(x,t))  =  j  f  du  f  E(x,u')du'. 

t  met  Jo  Jo 

(5) 

The  self-consistent  electric  field  can  be  obtained 
from  the  Gauss  equation  for  the  density  Obvi¬ 
ously  the  problem  is  non-linear,  insofar  as  de¬ 
pends  from  E(x,  t)  through  Vii(x,  t\  E{x,  f))  and  an 
iterative  (but  rapidly  converging)  procedure  must 
be  defined  [3].  Moreover,  with  a  little  effort  is  pos¬ 
sible  to  enhance  the  picture  evaluating  the  first  or¬ 
der  collision  density.  We  also  point  out  that,  at 
least  for  the  zero  collision  term,  an  approximated 
analytical  expression  for  the  density  (Vlasov  equa¬ 
tion  solution)  can  be  obtained  and,  consequently, 
the  velocity  of  the  shock  wave  can  be  studied. 


2  Conclusions 

From  the  density  (  up  to  the  first  order  in  collisions) 
and  the  electric  field,  the  distribution  function  can 
be  written,  and  from  this  latter  the  particle  current 
and  the  heat  flow. 
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1  Introduction 

It  is  known  that  plasma  dust  particles  usually  ac¬ 
quire  negative  charge[l-4].  A  classic  approximation 
for  electron  and  ion  fluxes  on  spherical  grain  with 
radius  R  and  potential  <p  is  usually  used  to  calculate 
the  average  particle  charge  <  Z  >  [1,2].  However, 
this  approximation  can  have  a  poor  accuracy  in  the 
case  of  small  particles  with  <  Z  >  ~  1  and  does 
not  allow  to  calculate  the  charge  distribution  func¬ 
tion  (CDF),  which  is  necessary  for  the  investiga¬ 
tion  of  particle  coagulation  [2],  A  discrete  CDF  has 
been  obtained  for  grains  in  the  interstellar  clouds 
in  [3],  where  a  Maxwellian  energy  distribution  for 
electrons  was  used  and  secondary  electron  emission 
from  grains  was  not  taken  into  account. 

The  aim  of  the  present  work  is  to  obtain  the  an¬ 
alytical  discrete  CDF  of  dust  particles  for  non 
Maxwellian  electron  energy  distribution  function 
(EEDF)  which  exists  in  the  laboratory  plasma,  and 
to  take  into  consideration  the  process  of  secondary 
electron  emission  and  dependence  on  particle  radius 
of  the  absorption  coefficient  a  for  the  interaction  of 
electron  with  grain. 

2  Equations  and  probabilities 

The  CDF  can  be  obtained  from  the  balance  master 
equations  for  densities  No  and  Nz  of  neutral  and 
charged  monodispersed  (with  radius  R)  dust  par¬ 
ticles  w'ith  Z  discrete  elementary  negative  charges 

^^{QoNo-LiNi)  for  7  =  0; 

«  iQz-iNz-i  -  LzNz)- 
-(QzNz-Lz+^Nz+r)  for  7  >  1.  (1) 
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The  probabilities  Qz  and  Lz  (in  sec"*)  describe  the 
change  of  density  due  to  acquisition  or  loss  of  unit 
elementary  negative  charge.  The  increase  of  charge 
for  negative  charged  grains  is  due  to  the  process 
of  electron  attachment,  and  the  losses  are  due  to 
electron  detachment  (secondary  electron  emission) 
and  ion  recombination.  The  probabilities  Q|“, 
were  derived  in  this  work  and  are  given  by: 

~  (2) 

(l  +  ^7)a.,  (3) 

where  Nf,  F7,  Ni,  vi  are  the  electron  and  ion 
densities  and  average  velocities  respectively;  r,  = 

the  electron  charge,  to  is 
the  vacuum  permittivity);  bm  =  fF  (5^)  /F  (5^); 

c„  ~  1  for  y  =  F  (^)  x  <  1  and 

any  7,  and  Cm  J/  for  y  >  1  and  7  >  0;  F  is 
the  Gamma  function.  The  parameters  oq,  a^,  a, 
describe  the  influence  of  polarization  interaction  of 
grain  with  plasma  electron  or  ion.  Without  such 
interaction  oq  =  =  a,  =  1. 

The  arbitrary  EEDF  /e(f)  ~  exp{—('^/B}  (t  is 
electron  energy)  and  a  Maxwellian  distribution  for 
the  ions  (with  ’’temperatures”  Te  and  7)  respec¬ 
tively)  are  used  to  obtain  (2),  (3). 

The  multipliers  o  and  0  in  (2),  (3)  are  the  parts 
of  electron  and  ion  fluxes  on  grain,  which  are  really 
absorbed  by  particle.  We  have  assumed  ^  ~  1  and 
used  for  a  the  simple  dependence 

a  ^[l  -  exp{-R/L)],  (4) 

where  L{Te)  is  the  characteristic  length  for  absorp¬ 
tion  of  electrons  by  grain.  To  obtain  (4)  the  one 
dimensional  model  for  the  transmission  of  the  elec¬ 
trons  through  the  thin  plate  have  been  used  assum¬ 
ing  small  electron  energy  losses  over  the  length  L. 
The  value  of  L  is  determined  by  the  molecular  den¬ 
sity  in  grain  and  the  cross  sections  for  electron  scat¬ 
tering  and  attachment. 
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The  probability  for  loss  of  charge  due  to  de¬ 
tachment  (secondary  electron  emission)  is: 


where  i7.on  =  ^,o„(l -o)/a  and 

Sion  ^  [1/(21, on)  +  RILiontXp{-RIL)]  (6) 

Lion  {Te)  is  the  characteristic  length  for  ionization  of 
molecules  in  grain  by  electron,  E'®"  is  the  energy 
threshold  for  this  ionization  and  is  the  acti¬ 
vation  energy  for  desorption  of  electrons  from  the 
grain  surface.  For  macroscopic  particles  the  value 
£fon_^  £des  jg  ^  work  function.  The  same  assump¬ 
tion  as  for  (4)  have  been  used  to  obtain  (6). 

3  Charge  Distribution  Func¬ 
tion  and  some  calculation 
results 


Fig.  1  The  normalized  charge  distribution  function  fz  for  dust 
particles  of  different  radius  R  calculated  with  Druivesteyn  (full 
lines)  and  Maxwellian  (broken  lines)  EEDF.  The  calculations 
are  carried  out  with  parameters  =  5  x  10”’;  T,  =  6  ev; 

T,  =  500  K;  E^*'  =  5  ev;  Lie,  =  10  X  X.  and  for  L  =  5  X  10”’ 
cm  (l,r)  and  5  X  10”*  cm  (2,2’). 


The  CDF  can  be  obtained  from  (1).  For  quasi  sta¬ 
tionary  conditions 


= ^0  n  — 


Q-att 

VZ'-l 


Z'  =  l 


+  L] 


Z>1  (7) 


The  neutral  particle  density  No  can  be  obtained 
from  the  condition  =  No  +  where 

is  the  total  density  of  particles  with  radius  R. 
An  example  of  CDFs  is  presented  on  Fig.  1  for 
typical  plasma  conditions.  The  CDFs  are  calculated 
using  Maxwellian  (m  =  1)  and  Druivesteyn  (m  =  2) 
EEDF.  We  can  see  from  Fig.  1  that  the  value  of 
the  adsorption  coefficient  o  and  EEDF  can  strongly 
influence  the  CDF. 

To  investigate  particle  coagulation  it  is  necessary 
to  know  the  relative  concentration  fo  of  neutral 
grains,  which  is  presented  on  Fig.  2  as  a  function 
of  particle  radius  R  for  typical  plasma  and  particle 
parameters.  The  calculated  particle  average  charge 
<  Z  >  is  also  given  on  Fig.  2  .  This  figure  also 
shows  the  strong  influence  of  both  the  EEDF  and 
the  characteristic  length  L. 
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Fig. 2  The  relative  concentration  /o  of  neutral  dust  particles 
(1-4)  and  their  average  negative  charge  <  Z  >  (l’-4’)  as  a  func¬ 
tion  of  particle  radius  R,  calculated  with  Druivesteyn  (full  lines) 
and  Maxwellian  (broken  lines)  EEDF  and  for  X,  =  S  X  10”’  cm 
(1,2,1’, 2’)  and  5x10”*  cm  (3,4,3’,4’).  The  calculation  conditions 
are  the  same  as  in  the  caption  to  Fig.l. 
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The  goal  of  this  investigation  is  the  elaboration  of 
numerical  model  to  estimate  nonequilibrium  ioniza¬ 
tion  parameters  and  radiation  intensity  during  ve¬ 
hicle’s  entry  into  Martian  atmosphere.  Martian  gas 
mixture  in  shock  layer  was  simulated  by  species: 
CO2,  CO,  N2,  CN,  C2,  O2,  0,  N,  NO,  NCO,  C, 
C+,  0+,  N+,  Nj,  C0+,  Oj  and  e. 

Under  conditions  of  a  vehicle’s  entry  into  Mar¬ 
tian  atmosphere  physical-chemical  processes  in  the 
shock  layer  are  of  nonequilibrium  nature,  that  is, 
the  relaxation  of  the  inner  degrees  of  freedom  of 
the  mixture  species  occurs  in  times  comparable  with 
gasdynamical  processes.  Of  a  nonequilibrium  char¬ 
acter  are:  vibrational  relaxation  of  CO2,  CO,  N2, 
CN,  C2,  O2,  NO  molecules;  dissociation  and  ex¬ 
change  reactions;  ionization  and  the  processes  of 
charge  exchange.  The  electron  temperature  T*  dif¬ 
fers,  in  general  case,  from  the  translational  T  and 
vibrational  temperatures  of  the  molecules  and  is  de¬ 
fined  from  the  equation  of  the  electron-gas  energy 
balance.  It’is  assumed  that  molecule  rotational  de¬ 
grees  of  freedom  are  assumed  in  an  equilibrium  state 
with  the  translational  ones. 

Carbon  dioxide  constitutes  the  main  mass  fraction 
(97%)  vibrational  degrees  of  freedom  of  a  CO2  and 
diatomic  molecules  CO,  N2,  CN,  C2,  O2  arc  highly 
energy-  intensive,  its  impact  on  the  gasthermody- 
namics  of  nonequilibrium  flow  is  great.  For  describ¬ 
ing  the  time  of  VT-relaxation  for  molecules,  two  ap¬ 
proaches  were  used:  computation  of  the  relaxation 
time  from  Millican-White  formula  [1]  and  computa¬ 
tion  of  the  relaxation  time  by  the  formulae  allocated 
by  the  data  base  of  the  AVOGADRO  [2].  CO2  vi¬ 
bration  relaxation  is  described  by  Camac’s  model 
[3].  Non-physical  description  of  the  vibrational  re¬ 
laxation  at  high  temperatures  with  using  the  above 
formulae  was  adjusted  by  introducing  Park’s  cor¬ 
rection  [4]. 

The  computational  model  makes  use  of  data  on  dis- 
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sociation  and  exchange  reactions,  recommended  by 
[2].  The  vibrational-dissociative  coupling  and  its 
impact  on  the  characteristics  of  flow  in  the  shock 
layer  are  taken  into  consideration  with  using  three 
models:  Park's  model  ,  CVDV  model  and  model 
recommended  by  the  AVOGADRO  [2].  The  com¬ 
putational  model  includes  a  number  of  ionization 
reactions  and  processes  of  charge  exchange  between 
neutral  and  positively  charged  components  of  the 
mixture.  Electrons  and  ions  appear  behind  the 
wave  front  in  the  course  of  the  associative  ioniza¬ 
tion. 

The  processes  involving  the  electrons  are  defined  by 
the  reactions  rate  constants,  which  depends  on  the 
temperature  of  electrons  T*.  The  temperature  of 
free  electrons  Tg  is  derived  from  the  master  equa¬ 
tion  for  electron-gas  energy  balance.  The  electrons 
gain  (lost)  their  energy  during  the  reactions  of  the 
associative  ionization,  elastic  collisions  with  heavy 
mixture  species  and  nonelastic  collisions  with  ex¬ 
citing  rotational,  vibrational  and  metastable  elec¬ 
tronic  states  of  molecules,  dissociation  and  ioniza¬ 
tion  of  molecules  with  electron  impact,  excitation  of 
lower  electronic  states  of  atoms  N,C,0  by  electron 
impact. 

Several  molecular  band  system  emission  is  studied 
numerically.  Diatomic  molecules  CO,  NO  and  CN 
emission  is  considered,  namely:  C0(4-f),  N0(7), 
CN(violet),  CN(red).  To  estimate  radiation  in¬ 
tensity  in  these  molecular  band  systems,  the  step- 
by-step  model  of  electronic-  vibrational  molecular 
states  excitation  is  elaborated.  This  model  includes 
the  following  processes:  direct  and  step-by-step  ex¬ 
citation  of  the  states  by  heavy  particles  and  elec¬ 
trons;  resonant  energy  exchange  reactions;  radia¬ 
tive  population  and  destruction  of  the  states;  disso¬ 
ciation  of  the  excited  states  and  their  formation  in 
recombination  reactions. 

The  results  of  test  computations,  can  be  divided 
into  two  groups.  The  first  group  includes  the  data 
obtained  when  selecting  kinetical  model  and  data 
base  of  kinetics,  which  defines  the  vibrational  relax- 
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ation  and  rate  constants  of  reactions.  This  stage, 
the  calculations  of  ionization  and  radiation  parame¬ 
ters  are  compared  with  measured  ones,  carried  out 
in  Arc- Driven  Shock  Tube  (ADST)  [5],  to  correct 
numerical  model  and  estimatively  known  reactions 
rate  constants.  Using  this  approach,  the  numerical 
and  kinetical  model  of  ionization  and  emission,  veri¬ 
fied  by  measured  data,  is  elaborated  for  shock  wave 
propagation  in  CO2-N2  mixture  at  velocity  range 
Vs=  4-9  km/s. 

The  second  group  includes  the  results  proper  for 
nonequilibrium  fiow  parameters  calculations  behind 
the  wave  in  Martian  atmosphere.  This  group  also 
includes  the  influence  of  the  choice  some  or  other 
kinetical  model  on  the  parameters  of  the  flow  in 
the  region  of  relaxation.  For  example,  in  the  zone 
behind  the  shock  wave  the  choice  of  the  vibrational- 
dissociative  coupling  (VDC)  model  can  strongly  in¬ 
fluence  the  gas  temperature  and  molecule  vibra¬ 
tional  degrees  of  freedom.  A  similar  effect  has  a 
choice  of  the  VDC  model  on  the  profiles  of  the  dis¬ 
tribution  of  some  mixture  species  concentrations, 
such  as  CO,  for  example. 

This  work  has  been  supported  by  International 
Science  and  Technology  Center  (ISTC)  through 
Project  N036. 
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Density  Distribution  behind  a  Planar  Shock  Wave  Propagating 

through  a  Discharge  Plasma  * 

F.V.  Shugaev,  G.I.  Singayevskaya 
Moscow  State  University,  Department  of  Physics,  Moscow,  Russia 


Shock  wave  structure  in  a  low-temperature  weakly 
ionized  plasma  of  a  transverse  rf  discharge  has  been 
investigated  both  theoretically  and  experimentally. 
Experiments  have  been  carried  out  in  a  single¬ 
diaphragm  shock  tube  of  rectangular  cross-section 
of  40  X  60  mm  *  area.  The  test  section  has  optical 
windows  of  60  mm  diameter.  Two  metal  plates  were 
mounted  on  the  upper  and  lower  walls  of  the  test 
section.  A  transverse  rf  discharge  was  generated 
between  the  plates  (/  =  13.6  MHz).  The  density 
of  the  current  was  equal  to  40  mA/cm^  while  the 
length  of  the  discharge  zone  was  80  mm.  Ar.  CO3, 
No  were  used  as  the  test  gases.  The  initial  pre.ssure 
was  5-10  Torr.  The  Mach  numbers  were  equal  to 
2-4.  The  density  behind  the  shock  was  measured 
by  a  laser-schlieren  technique  (Kiefer  et  a!.  1980, 
[2]).  We  used  a  He-Ne  laser  with  a  beam  diameter 
of  1  mm.  The  shock  velocity  was  measured  with 
pressure  transducers  beyond  the  discharge  zone  and 
from  schlieren  signals  within  the  discharge  zone. 
The  initial  density  was  measured  with  the  aid  of 
a  Fabry-Perot  interferometer.  The  initial  transla¬ 
tional  temperature  was  equal  to  1100  K.  The  de¬ 
gree  of  ionization  temperature  was  10"^  ahead  of 
the  shock  wave. 

The  value  of  the  schlieren  signal  I’  is  as  follows 
(Ivanov  et  al.  1997  [1]) 


V{x) 


Ikknnl 

a-‘+p-‘ 


f-^  Ap(.s)L(i-  -  s)ds 
L{t)  =  Im{exp(— t^)(A  -I-  A") 
xcerf(-<u,(Ai  " 

X  =  v,t,  A  = -ik / (2{a  -  ip)) , 


B  =  -ik/2b,  Al  =  1/A, 

Bi  =  \/B,  p=kwl,  k  =  2n/X, 


(1) 


where  0  is  the  distance  between  the  la.ser  and  the 
test  section,  6  is  the  distance  between  the  test  sec¬ 
tion  and  the  detector,  k^D  is  the  Gladstone-Dale 
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coefficient,  I  is  the  width  of  the  test  section,  dV/dr] 
is  the  calibration  constant,  t]  is  the  displacement  of 
the  detector,  wo  is  the  diameter  of  the  beam,  p  is  the 
density,  cerf  is  the  error  function  of  a  complex  ar¬ 
gument,  asterisk  means  complex  conjugate.  Eq.  (1) 
was  solved  numerically  by  the  method  proposed  by 
Tikhonov. 


ApxlO’  g/cm‘ 


Figure  1:  Density  distribution  in  the  neighbour¬ 
hood  of  the  shock  front  (Ar).  1  —  M  =  2.42;  2  — 
M  =  3;  3  —  M  =  3.25;  4  —  M  =  3.4. 

Fig.  1  shows  the  density  distribution  in  the  neigh¬ 
bourhood  of  the  shock  front  in  a  low-temperature 
weakly  ionized  plEisma  (Ar  as  the  test  gas).  One  can 
see  that  the  shock  front  displays  a  two-step  struc¬ 
ture.  The  shock  thickness  is  greater  in  plasma  than 
in  gas.  The  measured  values  of  density  behind  the 
shock  wave  agree  well  with  the  calculated  ones.  The 
measured  values  of  density  behind  the  shock  wave  in 
molecular  ga.ses  (CO2,  N2)  are  two  times  less  than 
the  calculated  ones  (without  taking  into  account  the 
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energy  release  behind  the  shock  front).  It  is  due  to 
the  fact  that  the  vibrational  temperature  is  higher 
than  the  translational  one  ahead  of  the  shock  wave. 
An  additional  energy  release  takes  place  behind  the 
shock  wave. 

We  numerically  analyzed  the  propagation  of  a  shock 
wave  through  a  weakly  ionized  plasma.  The  flow 
was  assumed  to  be  one-dimensional  and  unsteady. 
The  problem  is  as  follows.  The  shock  wave  which 
primarily  propagates  through  a  gas  meets  with  the 
surface  of  discontinuity  which  separates  the  gas  and 
the  weakly  ionized  plasma.  The  plasma  is  a  mixture 
of  atoms,  electrons  and  ions.  There  is  an  energy  re¬ 
lease  behind  the  shock  wave  due  to  electric  current. 
The  equations  of  continuity,  of  momentum  and  of 
energy  for  j-species  are  as  follows  (Jaffrin,  1965,  [3]) 

dp,  ,  gp.t),  _  Q 
dt  ^  dx  —  > 

+  ^iPi  +  p.”]) 

ft  {PJ  (^J  +  ^))  +  +  ^’1/2)  +  Pi)) 

=  ^)  +  +  Wje, 

where  Sj  is  the  net  source  of  particles  for  j-species. 
The  quantities  Pja  and  Pje  characterize  the  momen¬ 
tum  scattering.  The  quantities  wji  and  Wie  give  the 
energy  loss  due  to  inelastic  collisions.  Subscripts 
e,  i  relate  to  electrons  and  ions,  respectively.  The 
longitudinal  electric  field  depends  on  the  distribu¬ 
tion  of  the  charge  through  Poisson’s  equation  for 
the  potential.  The  numerical  results  are  in  good 
accordance  with  the  experimental  ones. 
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1  Introduction 

A  problem  of  practical  and  physical  interest  is  the 
analysis  of  transport  properties  of  charged  test  par¬ 
ticles  immersed  in  a  rarefied  gas  of  neutral  particles 
and  subjected  to  a  constant  electric  field  E.  The 
system  can  be  seen  as  a  dilute  binary  mixture  in 
which  the  concentration  of  the  charged  particles  (la¬ 
beled  with  the  index  1)  is  much  smaller  than  that 
of  the  neutral  gas  (labeled  with  the  index  2).  This 
implies  that  one  can  neglect  the  effect  of  collisions 
among  the  charged  particles  themselves  on  the  state 
of  the  charged  species  In  addition,  the  state  of 
the  neutral  gas  is  not  disturbed  by  the  presence  of 
the  charged  particles.  In  these  conditions  {tracer 
limit),  the  interactions  of  type  charged-neutral  and 
neutral-neutral  are  the  dominant  ones  in  the  mix¬ 
ture.  This  assumption  simplifies  enormously  the 
problem  since  the  Coulomb  interaction  does  not 
need  to  be  considered  in  our  description. 

When  the  neutral  gas  is  at  equilibrium  and  the  ex¬ 
ternal  field  is  weak,  the  electrical  current  density 
ji  obeys  the  Ohm  law  ji  =  ffoE,  where  (Tq  is  the 
electrical  conductivity  coefficient  whose  expression 
can  be  obtained,  for  instance,  from  the  Chapman- 
Enskog  method  [Ij.  This  situation  has  been  stud¬ 
ied  in  the  past  few  years  in  different  contexts  [2]. 
Nevertheless,  much  less  is  known  when  the  rarefied 
neutral  gas  is  far  from  equilibrium.  This  is  due 
beisically  to  the  scarcity  of  exact  solutions  to  the 
Boltzmann  equation  in  inhomegeneous  situations. 
One  of  the  few  exact  solutions  of  the  Boltzmann 
equation  corresponds  to  the  so-called  uniform  shear 
flow,  namely,  a  state  macroscopically  characterized 
by  a  linear  velocity  field  and  uniform  temperature 
and  density.  In  the  case  of  Maxwell  molecules  (re¬ 
pulsive  potential  of  the  form  almost  forty 

years  ago  Ikenberry  and  Truesdell  [3]  derived  ex¬ 
plicit  expressions  for  the  rheological  properties  of 
the  gas  (non-newtonian  shear  viscosity  and  visco¬ 
metric  effects)  as  functions  of  the  (arbitrary)  shear 
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rate.  Here,  our  aim  is  to  get  the  current  density 
induced  by  the  action  of  a  weak  electric  field  when 
the  background  neutral  gas  is  under  uniform  shear 
flow. 

2  Description  of  the  problem 

Let  us  consider  a  binary  mixture  in  the  low-density 
regime.  According  to  the  assumptions  established 
in  the  tracer  limit,  the  kinetic  equations  describing 
the  mixture  reduce  to  a  (closed)  Boltzmann  equa¬ 
tion  for  the  velocity  distribution  function  of  neutral 
particles  /2(r,v;f)  and  a  Boltzmann-Lorentz  equa¬ 
tion  for  the  velocity  distribution  function  /i(r,  v;f) 
of  the  charged  species.  We  also  assume  that  the 
neutral  gas  is  under  uniform  shear  flow  (USF)  so 
that  the  number  density  n2  and  the  partial  temper¬ 
ature  T2  are  uniform  and  the  only  nonzero  gradient 
is  du2,i/dy  =  a  =  const.,  U2  being  the  flow  velocity 
of  species  2.  In  order  to  maintain  a  steady  state  an 
external  force  of  the  form  F,  =  -m,aV  must  be 
applied  to  particles  of  each  species.  Here,  m,  is  the 
mass  of  a  particle  of  species  «,  V)  =  v;  —  aijVj  is 
the  peculiar  velocity,  a,j  =  aSirSjy,  and  q  (which 
plays  the  role  of  a  thermostat  parameter)  is  a  non¬ 
linear  function  of  the  shear  rate.  In  the  steady 
shear  flow  state,  the  velocity  distribution  function 
becomes  homogeneous  under  the  change  of  variable 
V  -4  V,  i.e.,  /,(r,v)  /,(V).  Recently  this  prob¬ 

lem  has  been  exactly  solved  for  the  particular  case 
of  Maxwell  molecules  [4]. 

Since  the  state  of  the  neutral  gas  is  well  character¬ 
ized,  our  purpose  now  is  to  solve  the  Boltzmann- 
Lorentz  equation  corresponding  to  the  charged 
species.  According  to  the  geometry  of  the  shear 
flow  state  and  in  the  steady  state,  the  kinetic  equa¬ 
tion  of  /i  (V)  becomes 

-  ^  +  „v;)  /,  +  ^ .  ±f,  =  ,  /,] , 

(1) 

where  q  is  the  charge,  and  J12  is  the  Boltzmann  col- 
lison  operator.  We  are  interested  in  analyzing  the 
influence  of  the  shear  flow  on  the  electrical  current 
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density.  To  this  end,  we  shall  solve  Eq.  (1)  by  means 
of  a  perturbative  expansion  in  powers  of  the  elec¬ 
tric  field.  The  main  feature  of  the  expansion  is  that 
the  zeroth-order  approximation  (reference  state)  is 
a  nonequilibrium  state  (USE)  with  an  arbitrarily 
large  velocity  gradient.  As  a  consequence,  the  cor¬ 
responding  transport  coefficients  will  be  nonlinear 
functions  of  the  shear  rate  and  the  parameters  of  the 
system  (mass  and  force  constant  ratios).  Thus,  we 

look  for  solutions  of  the  form  /i  =  -f  H - , 

where  is  of  order  k  in  E  but  retains  all  the 
nonlinear  dependence  on  a.  Here,  we  will  restrict 
ourselves  to  the  first  order  in  the  external  field. 

3  Electrical  conductivity 


In  the  first  order  of  the  expansion,  one  gets  the 
kinetic  equation 


(2) 

We  are  interested  in  evaluating  the  electrical  cur¬ 
rent  density  At  this  order  it  is  defined  as 


ji')  =  q  J  dvV/{')  .  (3) 

The  current  density  can  be  obtained  from  the 
Boltzmann-Lorentz  equation  (2)  after  multiplying 
it  by  and  integrating  over  the  velocity  space. 
Thus,  one  finds  that 


mi 


-Ei  =  - 


mi 


where  A12  =  1.697r(Ki2mim2/(mi  m2))'^^.  The 

solution  to  Eq.  (4)  can  be  recast  into  the  form  of 
a  generalized  Ohm  law,i.e.,  ji,,  =  (TijEj,  with  the 
electrical  conductivity  tensor  given  by 


<Tij  = 


mi  a  -t-  r  \ 


A 

Q  +  t) 


(5) 


where  r  =  Ai2n2/mi.  When  a  =  0,  <rij  = 
o-Q  =  nig^/miT,  and  one  recovers  the  usual  Ohm 
law.  Furthermore,  according  to  Eq.  (5),  the  only 
nonzero  elements  of  atj  are  <r„  =  <tot/{q  r)  and 
<r*y  =  —aoarf(T  -f  q)^.  In  general,  the  diagonal 
elements  decreaise  eis  the  shear  rate  increases  so  that 
the  presence  of  shear  flow  inhibits  the  diffusion  of 
charge  particles.  The  off-diagonal  element  measures 
cross  effects  induced  by  the  shear  flow  in  the  current 
density.  The  dependence  of  tr„  and  (Txy  with  the 
shear  rate  will  be  illustrated  for  several  values  of 
the  parameters  of  the  mixture. 


In  summary,  in  this  paper  we  investigate  the  influ¬ 
ence  of  shear  flow  on  the  current  density  induced 
by  the  action  of  a  weak  electric  field.  We  consider  a 
dilute  binary  mixture  of  Maxwell  molecules  with  a 
tracer  concentration  of  the  charged  particles.  The 
system  is  in  a  steady  uniform  shear  flow  state  with 
an  arbitrarily  large  velocity  gradient.  Under  these 
conditions,  the  current  density  is  a  linear  function 
of  the  electric  field  although  a  shear-rate  dependent 
electrical  conductivity  tensor  rather  than  a  scalar 
can  be  defined.  This  tensor  happens  to  be  a  nonlin¬ 
ear  function  of  the  shear  rate  and  the  parameters 
of  the  system,  namely,  the  mass  ratio  and  the  force 
constant  ratio. 
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Modeling  the  Coupling  between  Ion  Recombination  and 
Turbulence  in  an  Argon  Plasma 
using  Probability  Density  Function  Approach.  * 

T.  Benazzouz,  P.  Domingo 
LMFN,  CORIA,  Universite  de  Rouen,  France 


Most  studies  related  to  turbulence  in  plasma  neglect 
the  coupling  between  chemistry  and  turbulence.  In 
these  approaches,  the  mean  chemical  source  terms 
in  the  averaged  conservation  equations  for  species 
are  assumed  to  be  functions  of  the  averaged  tern- 
peratures  and  species  densities  which  is  probably  a 
too  restrictive  hypothesis  (see  for  instance  Chang 
and  Ranshaw  [1]). 

In  this  study,  an  approach  of  the  modeling  of  the 
coupling  between  chemistry  and  turbulence  in  a 
plasma  based  on  the  probability  density  models  is 
proposed.  Argon  has  been  retained.  Indeed,  the 
properties  of  this  gas  are  well-known  and  the  ion¬ 
ization  and  recombining  process  can  be  described 
by  a  single  reaction  (Ar  -f  e~  44  Ar"^  +  2e“). 

When  evaluating  chemical  source  terms  in  a  tur¬ 
bulent  plasma,  one  must  account  for  fluctuations 
of  chemical  species  and  temperatures.  In  addi¬ 
tion,  the  physical  situation  is  complicated  by  the 
need  of  including  thermal  non-equilibrium  effects 
together  with  their  coupling  with  turbulence.  In 
term  of  modeling,  a  parallel  can  be  drawn  between 
this  problem  and  turbulent  combustion  where  the 
one-point  probability  density  function  (pdf)  ap¬ 
proach  has  proved  to  be  an  effective  tool.  Using 
pdf,  source  terms  defined  in  one-point  can  be  dealt 
within  a  closed  and  exact  form  [2,  3,  4).  Never- 
thele.ss,  all  terms  involving  two-points  information 
(fluxes)  need  to  be  modeled  (diffusion  of  species, 
thermal  conduction,  •  ••).  Therefore  with  pdfs,  the 
effects  of  fluctuations  on  chemical  source  terms  are 
directly  included,  whereas  turbulent  micro-mixing 
(small  scale  diffusion)  mechanisms  needs  a  closure. 
A  previous  study  based  on  direct  numerical  simula¬ 
tion  (DNS)  [5]  has  proposed  a  closure  for  micro¬ 
mixing  based  on  the  linear  relaxation  model  of 
Dopazo  and  O’Brien  [4].  In  the  the  case  of  a  re¬ 
combining  argon  plasma,  comparison  between  pdf 
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modeling  and  DNS  has  been  found  to  be  satisfac¬ 
tory  (situation  of  homogeneous  freely  decaying  tur¬ 
bulence). 

Our  purpose  here  is  to  apply  this  approach  to  the 
modeling  of  an  high  velocity  turbulent  argon  plasma 
jet.  The  Favre  averaged  Navier-Stokes  equations 
closed  with  a  it— f  model  are  solved  coupled  with  the 
resolution  of  the  joined  pdf  for  heavy  translational 
temperature,  electron  temperature  and  ion  density. 
Monte-Carlo  simulation  is  used  for  the  resolution  of 
the  pdf  transport  equation. 

The  study  is  performed  in  close  conjunction  with 
an  experiment  studied  by  Leborgne  et  al  [6],  Vali¬ 
dation  and  discussion  of  the  results  obtained  in  this 
situation  will  be  presented. 
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Two-Temperature  Thermochemical  Relaxation 
Model  Based  on  a  Treanor  Distribution  * 

S.  Genieys*,  A.  Chikhaoui^ 
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The  two-temperature  thermochemical  relaxation 
models  are  suited  to  describe  the  reacting  gaz  mix¬ 
tures  for  which  rotational  and  translational  modes 
can  be  assumed  equilibrated  and  can  be  described 
by  a  single  temperature,  but  for  which  the  vibra¬ 
tional  relaxation  is  longer,  involves  a  distinct  tem¬ 
perature  and  has  to  be  coupled  with  the  chemical 
relaxation.  In  particular,  these  models  are  used  to 
describe  the  environment  around  hypersonic  vehi¬ 
cles  during  their  entry  flights,  [4,  6,  8,  10].  Most 
of  these  models  assume  that  the  vibration  of  the 
molecules  is  harmonic,  which  yields  to  a  Boltzmann 
distribution  in  the  vibrational  mode. 

The  Treanor  distribution,  [12],  generalizes  the 
Boltzmann  distribution  to  the  case  of  anharmonic 
oscillators.  It  is  obtained  considering  rapid  phe¬ 
nomena  which  conserve  the  density  of  each  species, 
the  impulsion  and  the  total  energy  of  the  mixture 
and  the  number  of  vibrational  quanta  of  each  vi¬ 
brating  species  (but  not  their  vibrational  energy). 
It  is  usual  to  express  the  Treanor  distribution  as  a 
function  of  the  total  temperature  (temperature  as¬ 
sociated  with  the  total  energy)  and  the  temperature 
of  first  vibrational  level. 

A  thermochemical  relaxation  model  based  on  a  TVe- 
anor  distribution  has  been  derived  from  the  Boltz¬ 
mann  equation  in  [1],  under  the  assumption  that 
the  rapid  phenomena  are  the  exchanges  of  trans¬ 
lational  energy,  the  exchanges  of  rotational  energy 
and  the  exchanges  of  vibrational  quanta  between 
molecules  of  the  same  chemical  species.  This  model 
will  be  described  in  the  present  talk.  It  consists  of 
three  equations  for  the  density,  momentum  and  to¬ 
tal  energy,  supplemented  with  an  equation  for  the 
variations  in  the  density  of  each  species  and  with  an 
equation  for  the  variations  in  the  number  of  vibra¬ 
tional  quanta  of  each  vibrating  species.  The  densi¬ 
ties  and  numbers  of  vibrational  quanta  evolve  due 
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to  the  slow  phenomena. 

One  particular  feature  of  this  model  is  that  the  vi¬ 
brational  energy  does  not  depend  on  a  single  tem¬ 
perature.  It  depends  on  the  total  temperature 
and  on  the  temperature  of  first  vibrational  level. 
This  leads  to  particular  thermodynamic  relations 
between  the  conservative  variables  and  the  temper¬ 
atures,  which  are  described  in  [1,  2]  and  will  be 
presented  in  the  talk. 

One  important  question  for  thermochemical  relax¬ 
ation  models  is  the  taking  into  account  of  slow 
phenomena.  Translational-vibrational  exchanges 
and  vibrational  exchanges  between  different  species 
are  usually  modeled  by  relaxation  time  operators, 
[9].  The  chemical  production  terms  and  vibrational 
production  terms  due  to  chemical-vibrational  ex¬ 
changes  are  related  to  each  other  and  have  to  be 
modeled  under  the  same  assumptions.  There  exists 
numerous  models  (chemistry-vibration-chemistry 
coupling  models)  for  these  terms,  see  [5],  most  of 
them  assuming  harmonic  oscillations.  In  [2]  is  pre¬ 
sented  a  new  anharmonic  coupling  model  based  on 
Treanor  distributions.  This  model  will  be  detailed 
in  the  talk.  It  uses  the  same  assumptions  as  the 
Treanor-Marrone  model  [8]  for  dissociation  of  har¬ 
monic  oscillators,  and  its  extension  to  exchange  re¬ 
actions  between  harmonic  oscillators  given  in  [11]. 
In  particular  this  model  takes  into  account  that  dis¬ 
sociation  can  occur  preferentially  from  the  higher 
vibrational  levels.  To  this  aim  is  introduced  an  ad¬ 
ditional  parameter  with  dimensions  of  a  tempera¬ 
ture  describing  the  distribution  of  the  dissociation 
probability  over  the  vibrational  levels.  Unfortu¬ 
nately,  the  correct  value  of  this  preferentialisation 
parameter  is  not  accurately  known. 

In  [3]  the  sensibility  of  these  three  models  on  their 
preferentialisation  parameter  is  investigated  in  the 
test  case  of  the  air  heated  by  a  plane  shock- wave. 
Also  are  studied  Knab’s  model  [6]  (which  involves 
the  same  preferentialisation  parameter)  and  Park’s 
and  Macheret’s  models,  [10,  7].  The  results  ob- 
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Inversion  in  Vibrational  Population  of  CN 
behind  a  Strong  Shock  Wave  in  N2/CH4/Ar  Mixture  * 
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lUSTI/MHEQ,  Marseille,  France 


1  Introduction 

Time-resolved  spectroscopy  of  the 
electronic  band  of  CA^  has  been  studied  behind  a 
strong  shock  wave  in  92%A^2i  3%C/f4, 5%Ar  mix¬ 
ture,  simulated  atmosphere  of  Titan  (Nelson  et 
al.  [1])  at  different  Mach  numbers  (15.8  and  14.6) 
and  initial  test  gas  pressures  in  the  TCM2  Hyper¬ 
sonic  facility.  Fitting  of  calculated  spectra  assum¬ 
ing  a  Bolzmann  distribution  for  vibrational  popu¬ 
lation  with  experimental  spectra  shows  some  de¬ 
viation  at  low  initial  test  gas  pressure  and  a  very 
marked  one  at  high  initial  test  gas  pressure.  An 
iterative  method  has  been  used  to  deduce  the  real 
vibrational  population  distribution  and  the  corre¬ 
sponding  mean  vibrational  temperature. 


2  The  experimental  setup 

The  TCM2  hypersonic  facility  is  a  free-piston  facil¬ 
ity  (Brun  et  al.  [2]).  For  the  emission  experiments 
(Table  1),  its  shock  tube  was  specially  equipped 
with  an  experimental  chamber,  fitted  with  BK7 
windows  and  gauge  mounting  ports.  Light  emit¬ 
ted  from  the  shock  is  collected  by  a  vertical  slit, 
500  fim  wide  and  is  directed  into  a  Jobin-Yvon 
640  monochromator,  equipped  with  interchangeable 
holographic  gratings  giving  spectral  ranges  from 
85  to  570  Aat  the  wavelengths  observed  and  a 
maximum  spectral  resolution  of  1  A,  see  Fig.  1. 
The  streak  camera  system  (Hamamatsu  Photonics), 
fixed  at  the  output  of  the  monochromator,  had  its 
timescale  fixed  at  approximately  16  ps  for  the  series 
of  shots  observed.  The  two-dimension  data  (spec¬ 
trum  versus  time)  is  recorded  on  a  CCD  camera  at 
the  end  of  the  streak  unit. 
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Adaptor 

Optics 


Figure  1:  Streak  system  optical  setup. 


Table  1:  Characteristic  shots. 


Shot 

PI  (mb) 

P2  (bar) 

U  (m/s) 

Titan  1 

2.2 

0.7 

5560 

Tit2in  2 

11.0 

3.4 

5130 

3  Results  and  discussion 

A  preliminary  analysis  of  the  spectra  shows  that  in 
the  shots  done  at  lower  initial  pressure,  vibrational 
population  inversion  occurs  briefly  at  the  shock 
layer  (for  a  maximum  of  2  /is  after)  and  for  a  very 
long  time  in  the  shots  at  higher  initial  pressure  (for 
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8  /is  of  spectra  recorded).  Fig.  2  shows  the  Ar  =  0 
band  of  as  recorded  by  the  streak  camera  taken 
from  the  two  series  of  shot  with  normalised  spec¬ 
trum  intensities.  The  ratios  of  the  (1,1).  (2,2)  and 
(3,3)  bands  to  the  (0,0)  band  can  be  seen  to  be  un¬ 
expectedly  high  for  the  spectrum  at  higher  initial 
test  gas  pressure.  Assuming  a  Boltzmann  distri¬ 
bution  in  vibrational  population,  a  least-square  fit 
of  a  simulated  spectrum  to  the  experimental  one 
at  lower  test  gas  pressure,  taken  as  far  as  possi¬ 
ble  from  the  shock  layer  (more  than  5  fjs),  can  be 
done  and  yields  a  rotational  and  vibrational  tem¬ 
perature  of  8000  and  7500  [3]  .  For  the  spectrum  at 
higher  pressure,  we  have  to  proceed  differently  :  an 
iterative  method  is  used  to  deduce  the  vibrational 
population  distribution  from  a  calculated  spectrum 
and  thus,  a  mean  vibrational  temperature  can  be 
derived.  Fig.  3  shows  such  a  vibrational  population 
distribution;  it  can  be  noticed  that  a  maximum  de¬ 
viation  from  a  Boltzmann  plot  occurs  at  u  =  4. 


4  Conclusion 

Non-Boltzmann  distribution  of  vibrational  popula¬ 
tion  of  CN  in  titan  mixture  has  been  observed  at 
the  TCM2  hypersonic  facility,  the  phenomenon  be¬ 
ing  more  pronounced  at  higher  initial  test  gas  pres¬ 
sure.  Vibrational  population  distribution  evolution 
behind  the  shock  is  being  calculated  and  will  be 
presented  for  both  series  of  shots.  The  correspond¬ 
ing  vibrational  and  rotational  temperatures  will  be 
deduced  and  also  presented  in  the  full  paper. 
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Figure  2:  Ac  =  0  band  of  CN  at  2  mb  and  11  mb 
initial  test  gas  pressure. 


Figure  3:  Calculated  vibrational  population  distri¬ 
bution  of  C A  at  11  mb  initial  pressure. 
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Study  of  Curved  Flow  Stability  of  Reacting  Gases  * 
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Instability  of  exothermally  reagiring  gas  flow  is  well 
known  [6].  Today  interesting  is  paid  to  insta¬ 
bility  of  flow  with  endothermal  reactions.  For  in¬ 
stance,  instability  of  bow  shock  and  bow  layer  be¬ 
hind  it  in  polyatomic  reagiring  gases  with  low  spe¬ 
cific  heats  ratio  [1].  Disturbances  is  found  to  ap¬ 
pear  at  regimes  of  chemical  dissociation.  The  mean 
energy  of  disturbances  is  shown  to  coincides  with 
energy  of  chemical  transfer  [2].  Experiments  show 
that  dimensions  and  form  of  flying  body  have  sig¬ 
nificant  influence  on  the  appearance  and  amplitude 
of  the  disturbances  [1,5].  Of  course  the  low  specific 
heats  ratio  k  also  leads  to  instability  [3]. 

In  this  work  the  longitudinal  two-dimensional  flow 
of  compressible  reagiring  gas  is  considered.  The 
chemical  reasons  for  layer  instability  are  found.  Ef¬ 
fects  of  shear  viscosity  is  considered  to  be  negli¬ 
gible  as  compared  with  the  effects  of  inner  chem¬ 
ical  processes.  The  energy  of  chemical  transfer  is 
considered  in  this  work  as  volume  power  of  en¬ 
ergy  release  -  Q.  Its  derivations  by  temperature 
and  gas  density  are  taken  into  account.  Geom¬ 
etry  is  accounted  through  gradient  of  gas  veloc¬ 
ity  across  the  layer  -  U'.  The  direction  of  coor¬ 
dinate  across  the  layer  is  chosen  along  the  direction 
of  pressure  disturbances  spreading.  So  the  convex 
layer  corresponds  to  (/'  >  0  and  concave  layer  cor¬ 
responds  to  U'  <  0.  As  usually  basic  equations 
are  reduced  to  single  differential  equation  of  sec¬ 
ond  order  [4].  The  solution  of  equation  is  found 
in  the  form;  p  =  Amp(p)exp(i6y),Im6  =  0.  It’s 
easy  to  show  that  problem  reduces  to  solving  the 
algebraic  equation  with  indepedent  variable  Z  = 
—ia{U  —  c)/(fs).  The  equation  depends  on  4  pa¬ 
rameters  k,a,  d  =  (dQ/dT)/{fs),  g  =  2abrU'/{fs), 
(a  and  6  are  wave  numbers  along  and  across  the 
layer,  s  =  Pr/M ,  f  =  v/a^  -I-  6^,  P  -  pressure,  r  - 
density,  M  -  Mach  number,  c  -  sound  speed).  It’s 
accepted  that  |y|  <0.1.  It  means  that  wave  length 
of  disturbances  /  =  1/a  is  about  by  20  times  less 
than  length  of  gasedynamical  influences  of  different 
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parts  of  flow  one  to  other.  Such  conditions  enables 
us  to  investigate  local  stability  of  longitudinal  two- 
dimensional  layer. 

For  endothermal  chemical  processes  (dissociation) 
with  normal  thermal  and  pressure  dependencies 
2  >  ik  >  0  and  1  >  d  >  0.  The  computation  of 
equation  is  held  for  these  regimes.  Two  complex 
and  two  real  solutions  are  obtained.  One  of  the 
later  is  great  than  zero  for  any  k,  g,  d  (’’gradient” 
solution).  This  solution  at  y  <  0  is  unstable  and  at 
y  >  0  is  stable.  The  case  of  more  interest  is  y  >  0, 
because  it  corresponds  to  convex  flow.  In  this  case 
’’gradient”  solution  is  stable,  but  ’’wave”  solution 
at  some  parameters  can  be  unstable.  The  results 
of  calculations  give  that  there  is  mean  value  region 
on  k  at  which  flow  is  stable  (Re  ^  <  0) .  For  lower 
and  higher  values  flow  is  unstable.  The  width  of 
this  region  depends  on  k,  d,  g  and  a.  Increasing  k 
and  d  (at  constant  g)  leads  to  spreading  of  stability 
region  (especially  for  low  d).  Thus  with  increasing 
k  from  1 .2  (for  poliatomic  gases)  up  to  1 .4  (for  air) 
at  d  <  0.1  the  stability  region  spreads  by  two  times. 
At  d  =  0.4  the  dependence  on  g  is  linear.  It’s  ought 
to  be  mentioned  that  at  d  =  0  for  k  =  1 .2  the  sta¬ 
bility  region  is  absent,  as  the  flow  for  k  —  1.4  at 
d  =  0  is  stable  at  region  0.1  <  a  <  0.65.  Since 
invers  wave  number  a  is  proportional  to  wave  lenth 
I,  instability  takes  place  as  for  very  short  wave  and 
for  very  long  wave  disturbances.  The  experimen¬ 
tal  study  of  disturbances  of  such  wave  length  needs 
the  tools  of  very  high  accuracy.  Contraction  of  sta¬ 
bility  region  at  low  k  enables  us  to  find  instability 
for  polyatomic  using  usual  tools  [1,  2,  5].  Thus 
for  polyatomic  gases  with  very  low  specific  heats 
ratio  the  flow  instability  can  be  observed  and  for 
endothermal  processes. 
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On  Peculiarities  of  High  Threshold  Physical-Chemical 
Transformation  within  a  Translational  Non-Equilibrium  Region  in  a 

Shock  Wave  Front* 
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Institute  of  High  Temperatures  of  the  Russian  Academy  of  Sciences,  Moscow,  Russia 


1.  Introduction 

The  original  idea  on  an  exceptional  role  of 
translational  non-equilibrium  region  for  physical- 
chemical  reactions  in  a  shock  wave  front  was 
formulated  in  1979  by  Ya.B.Zeldovitch  with  co¬ 
workers  in  the  paper  [1],  It  was  shown  that  high 
threshold  physical  chemical  processes  can  occur  in 
this  region. 

The  first  reason  for  this  feature  is  that  in  this  region 
the  relative  number  of  collisions  with  translational 
energ>'  higher  than  activation  energy  can  be  higher  by 
several  order  of  magnitude  as  compared  with  those  in 
equilibrium  behind  the  shock  wave  front  (see  [2]). 

The  second  reason  is  that  the  inelastic  collision 
process  can  follow  the  non-adiabatic  mechanism  of 
Landau-Zinner  resulting  in  significant  growth  of  non¬ 
elastic  collision  cross-section  up  to  gas-kinetics  one. 

It  was  shown  theoretically  in  [2]  and  confirmed  later 
experimentally  (3)  that  these  two  reasons  are 
responsible  for  significant  yield  of  a  physical- 
chemical  transformation  with  a  high  threshold 
activation  energy  in  the  translational  non-equilibrium 
region  much  higher  than  in  the  equilibrium  region 
behind  the  shock  wave  front  in  spite  of  the  small  size 
of  such  a  translational  non-equilibrium  region. 

This  effect  can  find  applications  and  can  be  useful  for 

•  the  definition  of  the  cross-sections  of  excitation 
and  quenching  of  electron  levels  on  Landau- 
Zinner  mechanism  in  shock  tunnel  experiments; 

•  the  production  of  primary  activated  centres  in 
avalanche  and  chain  type  processes  (chain 
reactions,  discharges); 

•  the  radio  wave  propagation  through  super  ionized 
region  behind  a  shock  wave  ; 


•  the  reformation  of  the  internal  structure 
(including  de-structw’e)  of  super  heavy  particles 
(molecules,  fiillerens,  clusters,  viruses). 

2.  Results 

In  this  paper  the  analysis  of  the  shock  wave  sfructure 
in  chemically  reacting  gas  mixtures  with  very 
different  particles  mass  is  carried  out  on  the  base  of 
Boltzmann’  equation  solved  with  the  modified  Mott- 
Smith’  method  [4]  taking  into  account  non-elastic 
collisions.  The  influence  of  particles  mass  ratio, 
relative  concentration,  cross-section  values,  flow 
Mach  number,  the  chemical  composition  of  gas 
mixture  on  kinetics  of  high  threshold  physical- 
chemical  transformation  are  studied. 

The  structure  of  shock  waves  in  a  two-components 
mixture  of  a  light  inert  carrier  and  a  heavy  non-elastic 
interacting  admixture  (simulating  an  electron 
excitation,  for  example)  is  considered.  The 
characteristics  parameters  are  n,  »  i\  and 

PhIPi  ®  ^  ^l^-m  -  350-  300  for  mach 

number  M=3-5,  where  are 

concentrations  and  density  for  light  and  heavy 
components  correspondingly,  E  is  activation  energy 
,  k  —  is  Bolzmann’  constant,  Tlgo  is  the 
temperature  of  incoming  flow.  The  analysis  based  on 
the  calculation  of  shock  wave  structure  in  two  cases 
of  particular  two-components  mixtures;  (1)  H2  -  99%, 
I2  -  1%  and  (2)  He  -  99%,  I2  -  1%  for  Nbch  numbers 
M=3-5  for  I2  electron  excitation  process  with 
E  »  has  shown  that  the  ratio  of  the  non-elastic 
process  rate  constant  at  the  maximum  is 

Keg f Km  >  3D*  where  Keg  's  t**®  maximum  rate 
constant  in  the  translational  relaxation  region  and 
Km  fh®  s^®  value  in  the  equilibrium  region 
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behind  the  shock  wave.  The  comparison  of  the  (5]  Genich  A.P.  et.el.  Translation  Relaxation  in  Shock 


experimental  data  [3]  with  the  calculations  based  on 
the  adiabatic  Messy  mechanism  or  on  Landau-Zinner 
mechanism  has  shown  that  the  process  passes  through 
a  quasi-particle  formation,  i.e.  follows  the  Landau- 
Zinner  mechanism.  It  should  be  noted  a  significant 
discrepancy  between  the  numerical  data  for  two- 
component  mixture  obtained  in  this  paper  and  the 
data  calculated  in  paper  [5]  with  Monte-Carlo 

method.  As  in  this  paper  >  3D^  -  ID*  in 

the  good  accordance  with  experimental  data  the 
Monte-Carlo’  calculations  result  in  »  ID 

for  the  same  mixture  and  flow  parameters  .  This 
discrepancy  can  be  explained  by  the  fact  that  the 
approach  developed  in  this  paper  takes  into  account 
properly  the  high  energy  tails  of  the  distribution 
function. 

1.  A  shock  wave  structure  in  the  three-component 
mixture  of  a  light  inert  carrier  and  two  heav>’ 
reacting  admixtures  (case  of  electron  excitation  and 
dissociation)  with  the  following  parameters; 

fh  »  nh .  P/.  /P^  ^  1 .  . 

£/^71oo  =  150-300,  where  and  mass  of 

two  heavy  components,  for  Mach  number  range 
M=3-5.  The  analysis  has  shown  that  the  rate 
constants  of  high  threshold  reaction  of  hca\y 
particles  hi  and  rij  in  the  translational  non¬ 
equilibrium  region  are  significantly  higher  than  for 
those  under  equilibrium  conditions  behind  the  shock 

wave  front:  >  10^ -t- 10*  and  even 

higher.  Furthermore  kh2j,2  >  ^h\Ji2  > 

The  latter  differs  significantly  from  results  obtained 
with  Monte-C!arIo  technique  in  paper  (6],  where 

h\Ji2»  ih2,h2A\My  increase  of 

^h\Ji2  compared  with  found  in  this  paper 

can  be  explained  with  the  corresponding  shift  of  the 
heavy'  particle  distribution  function  core,  and  the 
increase  of  A:/, 2  ;, 2.  kf,\j,\  is  caused  by  a  thickening 
of  high  energy  tail  of  the  distribution  function. 
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Classical  Dynamics  of  Two  Coupled  Rotors. 
Excitation  of  Diatomic  Molecules  * 

R.E.  Kolesnick 

Department  of  Physics,  The  University  of  Newcastle  upon  Tyne,  UK 


In  practice  studying  molecular  dynamics  quite  often 
one  needs  to  introduce  angle-action  ^■a^iables  to  ex¬ 
press  the  Hamiltonian,  particularly  the  PES  (poten¬ 
tial  energy  surface).  Very  often  the  PES  depends  on 
geometrical  angles,  which  should  be  connected  «ith 
the  action-  angle  tariables  directly.  .K  direct  geometri¬ 
cal  attack  is  not  very  elegant  and  is  still  unsuccessful, 
because  of  the  very  complex  geometry  of  the  problem. 
Even  for  small  molecules  it  is  quite  difficult  to  develop 
accurate  classical  models  of  collisions  in  action-angle 
variables. 

The  conception  of  classical  canonical  transforma¬ 
tions  given  by  .Miller*  was  defined  in  terms  of  the  F4 
generating  function,  which  is  defined  in  the  space  of 
classical  actions  and  it  is  still  difficult  to  implement, 
because  the  PES  depends  on  both  angle  and  action 
variables. 

Nevertheless,  we  propose  a  complementary  way  to 
get  angle-action  variables.  It  prosides  the  possibil¬ 
ity  to  cover  all  the  angles  together  in  a  single  frame¬ 
work.  In  the  present  report  we  develop  the  classical 
theory  of  transformations  for  canonical  angles,  hy  as¬ 
sociating  the  canonical  angles  with  rotation  matrices 
directly.  The  geometrical  angles  were  included  con¬ 
veniently  via  canonical  actions,  which  are  specifying 
the  position  of  interatomic  vectors.  The  multiplica¬ 
tion  of  one  rotation  matrice,  M  by  another  is  equiv¬ 
alent  to  carrying  the  frame  of  reference  from  one  po¬ 
sition  to  another.  So,  the  Cartesian  coordinates  and 
canonical  \-ariables  should  be  connected  directly  in  the 
framework  of  our  method.  Thus,  the  M-matrice  ap¬ 
proach  is  the  corresponding  matrix  formulation  to  the 
Ft  classical  canonical  transformation,  which  has  been 
derived  in  terms  of  classical  actions’.  This  approach 
pro\'ides  the  possibility  to  find  connections  between 
uncoupled  and  canonical  coupled  >-ariables  quite  eas¬ 
ily.  It  is  easier  to  implement  in  molecular  dyna.m- 
ics  problems  elaborate  accurate  models,  especially  for 
small  molecules. 

.\s  applications,  we  consider  the  rotational  dy¬ 
namics  of  a  rotor-rotor  system.  Because  scattering 
occurs  at  large  impaa  parameters,  the  calculations 
must  include  large  total  angular  momentun  J  \alues. 
Collinear  approximations  or  calculations  at  J  =  0  are 
totally  inappropriate*.  By  using  such  a  matrix  ap¬ 
proach  the  classical  theory  of  scattering  of  two  rotors 
has  been  studied  in  detail.  Various  possible  cases  of 
reduction  to  particular  cases  are  considered  for  classi¬ 
cal  rotor-rotor  collisions.  Thus,  some  of  the  simplified 
geometrical  configurations  of  two  coupled  rotors  were 
distinguished.  They  are:  the  fixed  configuration^  of  J 
and  the  plane  configuration  of  it  against  an  arbitrary 
configuration.  It  is  found  that  our  model  agrees  with 
the  previous  one. 

.4ngle-action  variables  are  employed  to  describe  the 
three  angular  momenta  of  interest:  the  two  internal 
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rotational  angular  momenta  of  the  rotors,  jj  and  jj 
and  the  orbital  angular  momentum  of  the  relative  mo¬ 
tion,  1.  For  rotor-rotor  collisions  three  angular  mo¬ 
mentum  coupling  schemes  may  be  employed:  a  fully 
uncoupled  sAeme,  where  m,-  is 

the  projection  of  the  corresponding  Ji  on  the  OZ  axis, 
or  a  partially  coupled  scheme  Ji, jj, ji3,/,mjj,m(, 
where  ji 2  =  ji  -k  ja.  or  a  fully  coupled  scheme  involv¬ 
ing  J  =  ji2  -k  1-  The  three  possible  choices  for  the  in¬ 
termediate  angular  momentum  (jj  -k  ja,  ja  -k  1, 1  +  ji) 
are  equi\'alent  in  any  exact  formulation. 

In  general  the  PES  depends  on  the  separation  of 
the  centres  of  mass  of  the  rotors  and  on  three  angles. 
Expressing  these  angles  in  terms  of  the  action-angle 
\'ariables  can  be  complex*.  We  ha\-e  found  that  ex¬ 
pressing  these  angles  in  terms  of  the  rotation  matrices 
for  the  transformation  defined  by  Euler  angles  such  as 
(<3w.  0J,  Qj),  similarly  for  the  other  angular  mo¬ 
menta,  allows  some  simplification  in  the  presentation 
of  the  results.  Here  the  angles  Qm  and  Qj  are  con¬ 
jugate  to  M  and  J,  respectively  and  cos  fij  =  M/J. 
Such  expressions  were  found  for  all  the  geometrical 
configurations  and  corresponding  coupling  schemes  of 
two  rotors. 

A  new  concept  of  two  coupled  rotors  was  devel¬ 
oped.  The  partially  coupled  set  and  the  fully  coupled 
one  are  considered  separately.  Thus,  we  found  an  ap¬ 
proach  to  the  problem.  The  accurate  description  of 
coupling  of  two  rotors  to  introduce  angle  -  action  vari¬ 
ables  has  been  given.  A  detailed  analysis  of  the  differ¬ 
ent  types  of  coupling  has  been  carried  out.  We  have 
classified  and  developed  some  theoretical  models  of 
coupling  and  introduced  action  -  angle  variables  for 
rotors.  The  principal  result  is  an  analytical  prescrip¬ 
tion  how  to  write  the  Hamiltonian  for  two  rotors  in 
the  case  when  the  total  angular  momentum  is  orien¬ 
tated  arbitrarily,  ^ven  J,  that  facilitates  solving  the 
equations  of  motion  of  diatomic  molecules  in  classi¬ 
cal  trajectory  calculations.  The  necessary  analytical 
expressions  will  be  reported  at  the  meeting. 


ACKNOWLEDGMENTS 


This  work  is  supported  by  the  Royal  Society-  NATO 
Postdoctoral  Fellowship  Programme. 


*  A.S.Dickinson,W.-K.Liu  J.Phyt.Chem.90,3612,19Sfi 
’  W.H.M>!!er  Adv.C1iem.Pliys.2S,69,]9T4 
’R.J.Cross  J.Cbem.Phys.  95,  1900,  1991 

*  Turfa,A.F.,Fiti,D.E.  and  Marcus,}l.A.  J.Chem.Phys.67, 
4463,1977 


235 


Non-Equilibrium  flows  -  NE  P 


Computation  of  Flows  in  Vibration-Dissociation  Nonequilibrium  * 
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Considering  dissociating  flow  of  diatomic  gases  in 
vibrational  nonequilibrium,  the  Boltzmann  equa¬ 
tion  for  the  molecules  p  on  the  quantum  level  i,  in¬ 
cluding  a  rotational  and  a  vibrational  level,  may  be 
written  under  the  following  nondimensional  form: 


dt 


1  ,  1  ,  1  , 
Jtr  "b  "b  Jc 

^tr 


(1) 


Where  fip  is  the  distribution  function  of  the  con¬ 
sidered  molecules,  Jtr,  Jv  and  Jc  are  their  cor¬ 
responding  collisional  balances  respectively  due  to 
translation-rotation,  vibration  and  chemical  ex¬ 
changes.  £,r,  and  £c  respectively  represent  the 
ratio  of  the  corresponding  characteristic  times  r,r, 
Tv,  Tc  to  a  reference  flow  time  6. 


Multiplying  (1)  by  various  collisional  invariants, 
summing  and  integrating,  one  obtains  macroscopic 
conservation  equations  for  the  atom-molecule  mix¬ 
ture  including  species  conservation  equations  and 
vibrational  energy  equation  for  molecules  p.  Thus, 
the  source  terms  of  these  equations  respectively  Wp 
and  Cp  are  given  by  the  following  expressions  : 

Wp  =  Konj  (2) 

ep  =  ip  -  (Et,d  -  Ey)KDnp  (3) 

where  A'/j  is  the  dissociation  rate  constant  influ¬ 
enced  by  vibrational  relaxation,  E^  is  the  mean  vi¬ 
brational  energy  of  molecules  p  and  the  part  of 
this  energy  lost  per  dissociation,  is  the  molecular 
density  and  e°  the  usual  source  term  coming  from 
vibrational  exchanges.  The  second  term  of  (3)  rep¬ 
resent  the  influence  of  dissociation  on  vibrational 
energy  E^ 


In  order  to  close  the  conservation  equation  system, 
expressions  of  transport  terms  -  not  presented  here- 
but  also  of  I\D  and  E^j  terms  must  be  found  as 
functions  of  translation-rotation  temperature  T  and 
vibrational  temperature  Tv 
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With  this  aim  in  view,  Chapman-Enskog  meth¬ 
ods  may  be  used,  but,  because  of  the  presence  of 
different  time  scales  Ttr,  r„,  Tc,  and  6,  each  one 
only  covers  specific  situations:  Thus,  expressions 
for  Kj)  and  E„d  have  been  proposed  for  weak  vibra¬ 
tional  nonequilibrium  (WNE)v  and  strong  chemi¬ 
cal  nonequilibrium  {SNE)c  situations,  that  is  for 
r„  <<  Tc  ~  0  [1]  then  this  case  has  been  extended 
to  quasi  equilibrium  situations  for  chemistry  by  con¬ 
structing  a  generalized  Chapman-Enskog  method 
[2].  Finally  considering  all  practical  nonequilibrium 
regimes  excluding  only  strong  gradient  regions,  it  is 
possible  to  obtain  closing  relations  for  Kp  and  E^,i, 
i.e: 


Kd{T,T,)  =  Kd[\-[ 


Exid  ~~  Ex, . ,  Ex,  —  E, 


kT 


)(- 


C.T 


■)]  (4) 


EUTxT,) 


Evd 


Ep 

KpiTxTx,) 


X 


x[l-l- 


Ec  -Ex.  2N-\  e, 
CvT  ^  3  T 


(5) 


where  Kd,  Ex,d  and  Ex,  are  equilibrium  expressions 
of  the  corresponding  quantities,  k,  Cv  and  N  be¬ 
ing  respectively  the  Boltzman  constant,  the  vibra¬ 
tional  specific  heat  and  the  number  of  levels.  Ox, 
is  the  vibrational  characteristic  temperature.  The 
expression  (5)  written  for  harmonic  oscillator  may 
be  easily  generalized  to  anharmonic  model.  The 
extension  to  flows  in  which  recombination  is  non 
negligible  is  also  straightforward. 

Complete  computation  of  relatively  simple  nonequi¬ 
librium  flows  are  operated  including  flows  behind 
strong  shock  waves,  steady  expansions  in  nozzles 
and  boundary  layer  flows,  generalizing  examples 
presented  in  [1]  and  [2].  Thus,  non-Arrhenius  be¬ 
havior  of  dissociation  rate  constants  is  found  in 
the  boundary  layer  arising  at  the  end  wall  of  a 
shock  tube  after  the  reflection  of  the  incident  shock: 
the  rate  constant  is  increasing  close  to  the  wall 
where  the  translational  temperature  is  decreasing 
but  where  a  freezing  zone  is  created. 
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1.  INTRODUCTION 

The  Direct  Simulation  Monte  Carlo  (DSMC)  method  is  widely  used  to  simulate  rarefied  gas  flows. 
Many  calculation  techniques  [1,2]  for  molecular  collision  and  molecular  models  in  which  inelastic 
effects,  interna)  degree  of  freedom,  chemical  reactions,  electronic  excitation  and  radiation,  are  taken 
into  account  have  been  developed  (3,4).  In  this  paper,  the  Dynamical  Molecular  Collision  (DMC) 
Model  of  diatomic  molecules  for  DSMC  calculation  is  constructed  based  on  the  Molecular  Dynamics 
(MD)  simulation  of  binary  collision  of  N]  molecules.  To  make  sure  of  its  validity,  the  translational 
and  rotational  energy  distributions  at  the  equilibrium  condition  and  the  structure  of  the  normal  shock 
wave  is  simulated  and  the  results  are  compared  with  theoretical  or  experimental  ones. 


2.  MD  SIMULATIONS  OF  THE  COLLISION  OF  DIATOMIC  MOLECULES 

In  this  simulation  both  collision  molecules  are  nitrogen  and  assumed  as  rigid  rotors.  This  means  the 
vibrational  degree  of  freedom  is  neglected.  The  rotational  energy  has  continuous  values.  The  force 
and  moment  which  acts  on  the  collision  molecules  are  calculated  by  the  sum  of  the  potential  force 
which  act  on  the  two  atoms  of  collision  molecules.  As  the  interaction  potential,  the  Lennard-Jones 
(12-6)  potential  is  used.  The  parameters  are  determined  as  =  3.17  x  10“’‘’[m],  r,  =  6.52  x  10"*’1J). 
The  diagram  of  MD  simulation  are  shown  in  Fig.l. 

Figure  2  shows  the  calculated  results  of  translational  and  rotational  energy  distribution  after  the 
collision,  where  T„  =  400[K],  T,t  =  400[K)  and  T,}  =  600[K].  The  figure  shows  that  the  energy 
distribution  after  the  collision  has  a  peak  near  the  initial  energy  and  due  to  the  varying  initial  phase, 
direction  of  rotational  vector  or  impact  parameter,  it  distributes  over  a  wide  range. 


Fig.l  :  Diagram  of  MD  simulation.  Fig.2  ;  Energy  distribution  after  the  collision. 


3.  CONSTRUCTION  OF  COLLISION  MODEL 


In  all  simulated  data,  only  the  data  that  the  two  molecules  collide  with  each  other  within  the  collision 
cross  section  is  considered.  The  collision  model  of  diatomic  molecules  is  constructed  by  approximating 
this  distribution  to  particular  functions.  Consequently,  the  collision  model  of  diatomic  molecules  is 
constructed  as  follows. 


{A/  exp  {-Bi  (ei  -  e))  deft  side 
Ar  exp  {-Br  (e  -  e,))  :right  side 
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where,  e,-  i«  the  initial  energy.  Ai,Bi,Ar,Br  are  determined  to  that  the  probability  and  deviation  of 
left  and  right  tide  of  this  function  agree  with  those  of  MD  results. 

In  the  DSMC  method,  the  energy  after  collision  is  determined  to  that  the  total  energy  is  conserved. 
For  this  reason,  two  of  the  three  energies  ejr.e'ie',,  which  are  chosen  randomly,  is  determined  by 
the  method  mentioned  above.  Finally,  the  rest  is  determined  by  subtracting  these  two  energies  from 

4,  THE  VALIDITY  OF  THE  PRESENT  MODEL 

In  order  to  verify  the  validity  of  the  present  model,  the  calculated  translational  and  rotational  energy 
distributions  at  the  equilibrium  condition  are  compared  with  theoretical  values.  The  typical  results 
are  shown  in  Fig.3  (T=300[K]).  As  shown  in  this  figure,  the  calculated  results  are  in  good  agreement 
with  Maxwell-Boltzmann  distribution. 

Next,  the  normal  shock  wave  of  N],  in  which  the  nonequilibrium  condition  between  the  translational 
and  the  rotational  energies  exists,  is  calculated.  These  results  are  compared  with  the  experimental 
ones  by  Robben  and  Talbot  [5]  to  make  sure  of  its  validity. 

The  typical  result  is  shown  in  Fig.4  (Af,'„  =  12.9).  As  shown  in  this  figure,  the  translational  energy 
parallel  with  the  movement  of  shock  front  increases  first,  the  translational  energy  vertical  with  the 
mo\'ement  of  shock  front  follows  it  and  at  last  the  rotational  energy  increases.  It  can  be  seen  that 
this  calculation  result  is  in  good  agreement  with  experimental  results  of  Robben  and  Talbot.  For  this 
reason,  we  can  say  that  this  model  can  calculate  nonequilibrium  flows  like  high  Mach  number  shock 
waves  very  well. 


Fig.3  :  Energy  distribution  at  equilibrium  con-  Fig.d  :  Normal  shock  wave  =  12.9). 
dition  (T  =  300[K]). 

5.  CONCLUDING  REMARKS 

The  inelastic  collision  of  diatomic  molecule  is  simulated  by  the  MD  method  and  the  Dynamical 
Molecular  Collision  (DMC)  model  is  constructed  based  on  these  MD  results.  The  validity  of  the 
model  is  verified  by  calculating  the  translational  and  rotational  energy  distributions  at  the  equilibrium 
condition  and  the  normal  shock  wave  in  the  DSMC  method  using  this  model.  These  results  show  that 
the  collision  of  diatomic  molecules  can  be  calculated  very  well  by  using  this  model  even  though  some 
assumptions  exist  in  the  simulation. 
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The  rates  of  chemical  reactions  between  the  vibra- 
tionally  excited  particles  depend  on  the  particle  dis¬ 
tribution  over  vibrational  levels.  Because  these  dis¬ 
tributions  are  generally  different  in  various  kinds 
of  gas  flow,  the  fact  is  not  surprising  that  the  dif¬ 
ference  between  theoretically  predicted  and  experi¬ 
mental  rates  or  between  the  experiments  carried  out 
in  different  flows  is  usually  significant.  The  descrip¬ 
tion  of  such  a  situation  becomes  simpler  when  the 
time  of  vibrational  relaxation  tv  is  much  less  then 
the  flow  time  6. 

TV  <<  6  (1) 

In  this  case  the  rate  constants  are  usually  consid¬ 
ered  to  be  functions  of  the  local  gas  temperature. 
Nevertheless,  in  certain  situations  the  validity  of 
condition  (1)  is  not  sufficient  for  this  simple  rela¬ 
tionship.  Specifically,  this  situation  takes  place  in 
presence  of  considerable  temperature  gradient  for 
reactions  with  high  energy  thresholds  (e.g.  dissoci¬ 
ation),  because  for  such  reactions  the  vibrationally 
excited  particles  are  responsible  for  the  main  contri¬ 
bution  in  the  reaction  rate.  The  reason  is  that  the 
high-energy  tails  of  vibrational  distribution  func¬ 
tion  in  non-uniform  gas  may  significantly  differ  from 
ones  in  a  uniform  gas  due  to  convective  or  diffu- 
sional  transfer  of  molecules  in  non-uniform  field  of 
gas  temperature.  The  theory  of  these  phenomena  is 
developed  in  [1]  -  [8]  along  with  appropriate  asymp¬ 
totic  methods  for  the  solution  of  master  equations 
of  vibrational  level  kinetics.  There  was  proved  that 
under  the  conditions  (1)  and 

V  In  F,«  V  In  Y° ,  Yi  =  F,y'°  (2) 

a  strong  non-equilibrium  and  still  local  solution  can 
be  obtained  for  the  vibrational  distribution  func¬ 
tion  (superscript  0  denotes  the  local  equilibrium 
distribution).  As  a  result  the  dissociation  rate  con¬ 
stant  was  found  to  be  in  exponential  dependency 
not  only  on  the  local  gas  temperature  but  also  on 
the  local  temperature  gradient  [1]  -  [4]. 
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It  should  be  noted  that  in  strong  non-equilibrium  a 
number  of  two-temperature  models  of  dissociation 
kinetics  are  usually  used  (Marrone-Treanor,  Losev, 
Park,  Macheret-Rich-Fridman,  Brun  and  others). 
However,  these  models  can  not  correctly  describe 
the  non-equilibrium  phenomena,  when  the  influence 
of  diffusional  transfer  of  highly  exited  molecules  on 
the  rate  of  dissociation  is  considerable.  For  exam¬ 
ple,  this  may  be  essential  in  boundary  or  viscous 
shock  layers. 

Recently  authors  have  obtained  some  new  results 
in  the  theory  of  high  energy  tails  of  distribution 
functions  and  of  the  rates  of  high  threshold  reac¬ 
tions.  It  was  shown  that  the  presence  of  reactions 
betw'een  the  molecules  on  the  low  vibrational  lev¬ 
els  (e.g  exchange  reaction  in  air)  reduces  the  effect 
of  the  gas  temperature  gradient  on  the  dissocia¬ 
tion  rate.  But  in  this  ca.se  the  effect  under  con¬ 
sideration  can  be  also  significant  [5].  The  depen¬ 
dence  of  diffusion  coefficient  on  the  vibration  level 
number,  which  is  due  to  the  cross-section  varies 
along  with  the  molecule  excitation,  weekly  influ¬ 
ences  on  the  our  non-equilibrium  correction  for  dis¬ 
sociation  rate  [6].  The  vibrational  unharmonism 
of  real  molecule  slightly  reduces  the  value  of  the 
correction  [4].  VV-exchanges  weekly  influences  on 
the  non-equilibrium  correction  because  of  reduction 
of  the  exchange  probability  for  upper  levels  due  to 
molecular  unharmonism  [7].  The  expression  for  the 
dissociation  rate  of  unharmonic  oscillator  in  two- 
temperature  boundary  layer  depending  on  the  gra¬ 
dients  of  vibrational  and  translational  temperatures 
was  obtained  [8]. 

The  importance  of  non-equilibrium  corrections  in 
the  boundary  layer  flow  was  investigated  in  [1], 
[9],  For  the  small  admixture  of  dissociating  ni¬ 
trogen  in  argon  the  effect  was  found  to  be  maxi¬ 
mum  for  the  catalytic  surface  [1],  For  the  disso¬ 
ciation  of  pure  nitrogen  this  effect  is  considerable 
for  non-catalytic  surface  [9].  However,  it  should  be 
noted  that  this  conclusions  were  made  by  use  of  the 
local  non-equilibrium  solutions  of  vibrational  level 
kinetic  equations  which  are  not  valid  in  boundary 
layer  near  the  surface,  where  the  conditions  (1)  and 
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(2)  are  not  satisfied  due  to  low  surface  temperature 
and  high  temperature  gradient.  More  exact  result 
can  be  obtained  by  solving  of  master  level  equation 
in  coupling  with  boundary  layer  equations.  The  ex¬ 
isting  solutions  of  master  vibrational  level  equations 
in  boundary  layer  (Doroshenko  at  al.,  Capitelli  at 
al.)  ignore  backward  influence  of  non-equilibrium 
vibrational  energy  distribution  on  macroscopic  rate 
constant. 

The  models  were  offered  to  take  such  interac¬ 
tion  into  account  [10].  It  was  supposed  that 
level  dissociation  probability  is  proportional  to 
C(T)eyip{EilkU{T)).  Constants  C(T)  and  U^T) 
were  selected  to  ensure  a  best  fit  to  the  experimental 
data  for  dissociation  of  nitrogen  behind  the  shock 
wave. 

The  gasdynamic  parameters  of  boundary  layer  in 
nitrogen  flow  were  calculated  by  means  of  this  mod¬ 
els  [11].  It  was  shown  that  the  internal  energy  distri¬ 
bution  is  strongly  nonequilibrium  and  differs  from 
Boltzman  or  Treenor  ones.  Various  variants  of  level 
models  give  close  results.  In  the  same  time  various 
two-temperature  models  give  a  different  vibration 
temperature  and  heat  flux  on  non-catalytic  for  vi¬ 
bration  relaxation  surface.  Heat  flux  on  the  surface 
in  level  kinetics  approach  is  10-15%  higher  than  in 
two-temperature  approach. 

Taking  into  account  for  the  effect  of  non-equilibrium 
vibration  energy  distribution  on  the  dissociation 
rate  by  use  of  vibrational  level  kinetic  approach 
weakly  influences  upon  the  distributions  of  veloc¬ 
ity,  translation  temperature,  density  and  degree 
of  dissociation  over  the  boundary  layer  thickness. 
Though  both  dissociation  and  the  recombination 
rates  in  such  approach  greatly  differ  from  that  given 
by  macroscopic  models,  the  total  reaction  rate  was 
found  out  to  be  rather  indifferent.  The  heat  flux  on 
catalytic  for  vibrational  relaxations  surface  is  15- 
20%  more  then  one  on  non-catalytic  for  vibration 
relaxation  surface. 

Two  temperature  models  giving  acceptable  results 
when  the  gas  temperature  drops  down,  poorly  work 
under  the  temperature  rise.  So  only  the  level  vi¬ 
bration  kinetic  approach  is  capable  to  describe  cor¬ 
rectly  the  flows  where  are  both  the  decrease  and  the 
increase  of  gas  temperature. 

This  work  was  supported  by  the  Russian  Founda¬ 
tion  for  Basic  Research  (Grant  No.  95-01-00236  and 
State  Program  for  Leading  Research  Group  Grant 
No.96-15-9603). 
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In  the  present  work  consequent  asymptotic  analysis 
of  moment  equations  for  polyatomic  gases,  follow¬ 
ing  from  Wan  Chang-Uhlenbeck  kinetic  equation,  is 
developed  on  the  assumption  of  weakly  nonequilib¬ 
rium  jets.  This  allows  to  obtain  sufficiently  simple 
analytical  expressions  for  parameters  on  the  cen¬ 
terline  of  an  axisymmetric  free  jet.  In  particular, 
dependencies  of  parallel  7|| ,  perpendicular  Tj.  and 
rotational  Tr  temperatures  on  conditions  in  source 
and  rotational  collision  number  Z  have  the  form 


where  i  =||,-L  or  r;  To  (K),  po  (torr)  are  temper¬ 
ature  and  pressure  in  source;  D  (cm)  is  the  nozzle 
orifice  diameter;  j  is  the  number  of  rotational  de¬ 
grees  of  freedom;  k  is  Boltzmann  constant;  e  (erg) 
and  <t(A)  are  Lennard-Jones  potential  parameters; 
^i(c;j,  Z)  are  functions  of  r  and  Z  independent  of 
source  conditions  and  universal  for  any  gas  with 
given  j,  which  form  is  given  in  [1]. 

The  concrete  calculations  are  performed  for  N2 
(j  =  2  ;  e/k  —  91.5  K;  <r  =  3.681  A).  Fig.l  shows 
comparison  of  calculated  and  experimental  depen¬ 
dencies  of  terminal  rotational  temperature  Tr(oo) 
on  tiqD  (no  is  number  density  in  source)  with  use 
of  the  results  of  works  [2]  and  [3].  Curve  1  was  cal¬ 
culated  in  [2]  on  the  base  of  linear  equation  of  rota¬ 
tional  energy  relaxation  for  Zr  =  3.  Calculation  by 
our  formula  with  Z=9  gives  curve  2.  The  distinc¬ 
tion  in  determination  Zr  in  [2,3]  and  Z  of  the  present 
work  should  be  noted.  Zr  is  defined  in  [2]  and  [3], 
as  well  as  in  many  other  papers,  by  relation 
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Zr=Tr-  Vr, , 


where  Tr  is  rotational  relaxation  time,  Vr,  ~  T*/® 
is  the  collision  frequency  for  rigid  sphere  potential. 
This  relation  does  not  take  into  account  real  behav¬ 
ior  of  Vr,  at  low  temperatures,  which  for  Lennard- 
Jones  potential  is  vl-d  ~  T*/®.  Such  difference  in 
determination  of  frequencies  leads  to  lowered  values 
of  rotational  collision  number,  defined  experimen¬ 
tally  in  jets.  A  reason  of  divergence  of  theory  and 
experiment  at  small  poD  is  apparently  nonequilib¬ 
rium  both  at  translational  and  rotational  degrees  of 
freedom  which  increases  with  decreasing  poD. 


Figure  I:  Dependence  Tr(oo)/To  on  noD: 

•  -  experiment  [2]  (T=300  K);  o  -  experiment  [2] 
(T=600  K);  1  -  theory  [2];  2  -  the  present  work  for 
Z=9;  >  -  calculation  [3]  for  data  [2]. 
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The  investigation  of  quazi-stationary  nonequilib¬ 
rium  states  of  vibrationally  relaxing  diatomic  and 
inert  gas  mixtures  is  very  important  in  connec¬ 
tion  with  the  problems  of  chemical  technology,  laser 
physics,  high-velocity  and  high-temperature  gasdy- 
namics. 

This  problem  is  investigated  by  application  of  the 
kinetic  equations.  Different  molar  correlations  of 
the  diatomic  gas  with  rotational  and  vibrational  de¬ 
grees  of  freedom  and  inert  gas  mixture  are  consid¬ 
ered. 

The  kinetic  equations  for  the  distribution  functions 
are  written  in  the  following  dimensionless  form 

Dfy  =  +  Ji’  , 

Df-ivr  —  —  J^vT  +  Jilr  ■ 

£2 

Here  /i(r,  u,  <)  is  distribution  function  of  atoms; 
/2„r(r,u,  <)  is  distribution  function  of  molecules,  v 
is  a  level  number  of  molecular  vibrational  energy 
fji/  (the  anharmonic  oscillator  model  is  used),  r  is 
a  level  number  of  rotational  energy  ar**  the 

most  frequent  collision  operators;  e  —  16,  where 

are  the  characteristic  times  between  collisions  /, 
6  is  the  flow  time  (it  has  been  assumed  that  ^  6)-, 
J"  are  the  infrequent  collision  operators. 

As  it  was  a-ssumed  in  paper  [1],  the  following  stages 
of  relaxation  may  be  defined: 

1.  The  collisions  I  include  only  TT  (elastic)  and 
TR  (translation-rotation)  exchanges; 

2.  The  collisions  I  also  include  TV  (translation- 
vibration)  exchanges  if  relative  defect  of  vibra¬ 
tional  energy  resonance  o  <  1/8; 

3.  The  collisions  I  also  include  TV  exchanges  if 
relative  defect  of  resonance  a  <  1/4, 

4.  The  collision  I  include  al.so  TV  exchanges  if 
relative  defect  of  resonance  a  <  1/2; 
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5.  The  collision  I  include  all  exchanges. 

The  additive  invariants  of  the  collisions  I  at  the 
stages  of  relaxation  2-4  are  determined.  The  so¬ 
lutions  of  suitable  equations 

=  0, 

jL  =  0 

are  obtained.  It  is  shown  that  these  solutions  de¬ 
pend  on  ratio  nj/ni  (nj  (n2)  is  the  number  of  atoms 
(molecules)  in  the  unit  of  volume).  The  influence  of 
the  value  n^^/ni  on  nonequilibrium  quazi-stationary 
vibrational  distribution  functions  of  diatomic  gas  is 
investigated. 

If  n2  ~  nj  or  rii/ni  >  1,  the  nonequilibrium  rela¬ 
tive  populations  of  vibrational  levels  coincide  with 
ones  from  [1]  (in  that  paper  nonequilibrium  stages 
2  -  4  of  vibrational  relaxation  in  chemically  homo¬ 
geneous  gas  of  anharmonic  oscillators  were  consid¬ 
ered). 

If  n2/ni  1,  the  nonequilibrium  vibrational  distri¬ 
bution  functions  at  the  stages  2  -  4  of  relaxation  dif¬ 
fer  from  appropriate  distributions  in  chemically  ho¬ 
mogeneous  gas.  In  this  report  new  nonequilibrium 
distribution  functions  of  vibrational  levels  popula¬ 
tions  at  the  different  values  n-i/ni  are  obtained. 
The  concrete  examples  of  nonequilibrium  distribu¬ 
tions  in  gas  mixtures  are  presented.  The  closed  sys¬ 
tems  of  gasdynamic  equations  at  different  stages  of 
vibrational  relaxation  and  different  values  rii/rii  are 
derived  and  investigated. 
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Transport  Processes  at  Different  Stages  of  Vibrational  Relaxation 

Gases  * 

M.A.  Rydalevskaya,  T.V.  Ryabicova 
St  .-Petersburg  University,  Russia 


Transfer  processes  in  vibrationally  relaxing  pure  di¬ 
atomic  gas  are  considered  on  the  basis  of  the  kinetic 
equations  for  the  distribution  functions. 

We  have  used  the  kinetic  equations  for  the  distri¬ 
bution  functions  /ur(r,  u,  t) 

Dfvr  =  +  Jll- 

Here  t;  is  a  level  number  of  vibrational  energy  (we 
used  the  anharmonic  oscillator  model);  Df^r  is  a 
differential  operator;  J/,.  is  the  most  frequent  colli¬ 
sion  operator  (it  corresponds  to  the  rapid  stage  of 
the  process);  e  =  r//0  (r/  is  characteristic  time  be¬ 
tween  collisions  /,  6  is  flow  time,  r/  <<  5);  is 
the  infrequent  collision  operator  (it  corresponds  to 
slow  stage  of  process). 

By  rapid  collisions  we  mean  TT,  TR,  RR  -  ex¬ 
changes  of  translational  and  rotational  energy.  Be¬ 
sides  as  well  as  in  [1]  there  are  VV  and  VT  -  ex¬ 
changes  if  the  relative  defect  of  vibrational  energy 
resonance  is  less  than  some  parameter  a  (0  <  o  < 
1 ) .  We  consider  the  following  nonequilibrium  condi¬ 
tions:  the  collisions  /  iclude  the  exchanges  of  vibra¬ 
tion  energies  if  q  =  1/8,  q  =  1/4  and  q  =  1/2. 
In  the  previous  paper  [1]  the  additive  invariants 
connected  with  rapid  energy  exchanges  were  deter¬ 
mined.  In  the  same  paper  the  system  of  gasdy- 
namic  equations  for  the  minimal  number  of  macro¬ 
scopic  variables,  enabling  describe  gasdynamics  and 
vibrational  relaxation  of  a  flow  in  a  closed  form,  was 
obtained. 

In  this  report  we  get  the  distribution  functions  in 
the  zero  and  first  approximations  of  the  generalized 
Chapman  -  Enskog  method.  In  the  first  approx¬ 
imation  the  pressure  tensor,  the  heat  flux  vector 
and  the  flux  vector  of  a  complementary  additive  in¬ 
variant  V’a(u)  are  obtained.  (The  invariant  V'o(u) 
was  presented  in  [1]).  The  both  flux  vectors  must 
be  expressed  in  the  terms  of  intensive  parameters 
adjoint  to  extensive  gasdynamic  parameters.  It  al- 
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lows  to  define  the  coefficients  of  heat  conductivity 
at  the  different  nonequilibrium  stages  of  vibrational 
relaxation  of  anharmonic  oscillators  better.  In  the 
report  all  transport  coefficients  are  determined  by 
the  corresponding  integral  brackets.  They  depend 
on  the  cross  -  sections  of  the  most  frequent  colli¬ 
sions  I  only.  It  is  shown  that  Onsager  symmetry 
of  transport  coefficients  is  valid  at  each  nonequi¬ 
librium  stage  of  vibrational  relaxation.  This  fact 
follows  from  the  symmetry  of  the  integral  brackets, 
connected  with  additive  invariants  of  collisions. 

For  example,  the  coefficients  of  heat  conductivity  in 
N2  at  different  stages  of  vibrational  relaxation  are 
calculated  in  a  wide  range  of  temperature  changing. 
In  the  report  the  figures  depicted  the  coefficients  of 
heat  conductivity  in  are  presented. 
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The  Modeling  of  Thermal  Non-  Equilibrium  Chemical 
Reactions  in  Gas  Dynamics  * 

A.  L.  Sergievskaya,  S.  A.  Losev,  E.  A.  Kovach 
Moscow  State  University,  Russia 

The  description  problem  of  chemical  reacting  system  without  thermal  equilibrium  between 
vibrational  and  translational  degrees  of  freedom  of  reacting  molecules  is  considered.  This 
lead  to  concept  of  multi-temperature  chemical  kinetics  of  gases  in  thermal  non-equilibrium. 

The  scientific  research  KINTVT  system  is  dedicated  to  ensure  the  information,  logical  and 
computer  support  for  mathematical  modeling  in  thermal  non-equilibrium  kinetics.  The 
basis  of  this  system  concept  is  the  integration  of  information  fond  (databases),  base  of 
models  being  investigated  and  research  software  component  being  used  for  computer 
experiment. 

The  level  of  modeling  represent  microscopic,  kinetics  and  macroscopic  description  of  gas. 
The  vibrational  temperature  Tv  concept  for  real  conditions  in  non-equilibrium  gas  is 
justified  using  results  of  collisionaJ  dynamics  numerical  solutions.  This  concept  provides 
the  possibility  of  macroscopic  description  of  thermal  non-equilibrium  gas. 

Non-equilibrium  factor  Z(T,  T^=k(T,  /k*(T)  provides  a  relative  measure  of  non¬ 
equilibrium  rate  constants  k(T,  of  processes  in  investigated  gases.  The  summary 

information  on  non-equilibrium  factor  modeling  is  presented  including  description  of 
diatomic  molecules  dissociation,  bimolecular  reactions  of  chemical  exchange,  decay  of 
polyatomic  molecules. 

There  are  many  semi-empirical  and  theoretical  based  models  for  description  of  two- 
temperature  rate  constant.  This  models  arc  based  on  different  assumptions.  Early  non¬ 
equilibrium  dissociation  models  of  Hammerling,  Losev,  Treanor  and  Marrone,  Park  are 
constructed  on  base  of  the  most  general  representation  about  role  of  vibrational  excitation 
in  dissociation.  In  these  models  the  simple  empirical  dependencies  and  parameters,  enabling 
to  receive  the  simple  analytical  expressions  for  Z(T,r,),  participate. 

The  more  exact  models  are  built  with  account  anharmonic  properties  of  excited  molecules 
and  on  the  basis  of  analysis  of  VT-  and  W-exchanges  (for  example,  Kuznetsov  model  and 
Gordiets  model).  Machcret-Fridman  model  considerate  the  direct  dissociation  from  the 
bottom  of  the  potential  well  wfuch  is  important  for  high  temperature. 

At  the  modeling  of  non-equilibrium  factor  in  research  KINTVT  system  on  level  of 
condition  of  applicability  the  hierarchy  of  information  support  of  mathematical  models  is 
formulated.  Some  models  can  be  realized  at  minimum  information  support  about 
vibrational-excited  particles,  other  models  require  more  detailed  information  about 
particles  and  about  appropriate  thermal  reactions.  The  most  advanced  models  require  data 
for  structure  and  properties  of  all  components  of  gas,  in  which  the  non-equilibrium 
reaction  occurs. 
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The  different  theoretical  justification  of  these  models  is  discussed.  The  simplest  and 
sufficiently  adequate  models  of  non-equilibrium  factor  are  recommended. 

Flows  behind  shock  waves  front  and  in  supersonic  cooling  are  the  examples  of  two- 
temperature  media.  The  results  of  the  two-temperature  models  implethentation  for 
molecular  vibrational  excitation,  dissociation  and  chemical  exchange  in  thermal  non¬ 
equilibrium  flows  are  used  in  application  gasdynamics  problems. 

The  expert  training  of  the  above  mentioned  analytical  and  numerical  models  makes 
possible  to  extrapolate  chemical  rate  constants  and  vibrational  relaxation  times  for  air 
components  to  very  high  temperature  (up  to  90000  K).  By  this  means  the  mechanism  of 
thermochemical  non-equilibrium  kinetics  in  strong  shock  waves  on  air  and  flows 
characteristics  behind  shock  wave  front  have  been  obtained.  Using  chemical  sensitivity 
analysis  methods  we  can  form  the  minimum  synergetic  description  of  non-equilibrium  gas 
medium  for  user  goal  function.  It  is  important  for  solution  of  complex  problems  in 
hypersonic  aerothermodynamics. 

The  results  of  non-equilibrium  kinetics  investigation  in  high-temperature  (up  to  40000  K) 
CO2  /  N2  mixture  behind  strong  shock  waves  modeling  vehicle  flight  in  Martian 
atmosphere  are  presented. 
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Stochastic  Simulation  Method  and  Nonequilibrium  Pheiioineiia 

in  Collisional  Media  * 

G.I.  Zinievskaya 

Keldysk  Institute  of  Applied  Mathematics  of  RAS.  Moscow.  Russia 


1  Introduction 


2  Mathematical  model 


In  many  tcrhiioiogy  jirobloms  rcqnirf'  nnmrriral 
nnalysis  nf  fast  collisional  processes.  The  stochas¬ 
tic  sinmlation  nu'thod  (SSM)  is  based  on  the  strict 
results  of  th<'  jirobability  analysis  of  mathemati¬ 
cal  ])hysics  equations,  the  kinetic  theory  of  plas¬ 
mas  and  rarc’fied  gases,  and  the  tln'ory  and  prac¬ 
tice  of  the  numerical  exj)erim('nt  in  the  nonlinear 
discrete  ])lasma  simulations.  SSM  make.s  it  possi¬ 
ble  to  study  the  particle  velocity  distribution  func¬ 
tions  (DF)  in  las('r.  sj)ace  and  thermonuclear  non 
e(|uilibrium  plasmas.  Iiudastic  collisions  in  par¬ 
tially  ionized  gases  can  be  modelled  by  jumi)  like 
and  diffusion  Marcovian  processes  (MP).  Th<'  pro¬ 
cesses.  which  ar<'  r<'sponsible  for  the  \tiriation  in 
the  poi>ulation  of  the  energy  levels  of  molecular 
or  multicharged  ions,  are  d('scribed  by  equations 
of  the  Boltzmann  (BE)  [1]  type,  while  character¬ 
istic  plasma  collisions  are  described  by  the  Fokker- 
Planck-Landau  (FPL)  efiuation  [21.  The  evolution 
of  the  MP  is  determined  by  numerical  solution  of 
set  of  the  Ito  stochastic  differential  equation  (SDE); 

^  -  A[f.X]+mt..\)>nv(t}.  .v|,=„  -  .Vo.  f  >  ().. 

where  A(L.V).  P(t.X)  are  the  given  nonliiK’ar 
functions,  and  ll'lf)  is  the  ramlom  function  with  a 
pointwise  and  continuous  measures  (see  ref.9-13.  21- 
20  in[l]).  ir(t)  process  has  no  mean  square  deriva¬ 
tive.  and  (l\V  is  not  a  differential  in  any  standard 
sense.  The  atuhor  has  develojied  kinetic  models  of 
collisions  with  the  Markovian  jjroix'rties.  has  proved 
the  aj)plicability  of  the  Ito  and  Ito  Stratonovich 
SDE  as  a  stochastic  analog  of  the  modeled  processes 
in  sjx'cific  aj>i)lications.  The  efficient  stable  algo¬ 
rithms  for  solving  the  sets  of  SDE  have  Ix-en  mod¬ 
ified  to  cod('  PL.^SCOL  and  rode  NIC’OL,  so  that 
thes('  could  be  used  for  solving  the  apjdied  j)rob- 
lems. 
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Many  of  the  phy.sical  phenomena,  which  exhibit 
the  probability  nature,  can  be  de.scribed  by  mod¬ 
els  based  on  the  kinetic  eqtiation 

I  =  £(/).  (1) 

where  C  is  the  nonlinear  integro-differential  opera¬ 
tor.  In  th('  kinetic  theory,  the  subject  of  study  is 
the  one-]>artirl('  DF  /(r.r.t).  which  is  function  of 
tlx'  i>hase  coordinates  {.r.  f}.  where  e  is  the  velocity 
ami  time  f.  Th('  oi)erator  £  is  able  to  he  presentt'd 
as  a  sum  of  linear  and  non-linear  (BE)  parts: 

A/)  =  A(/)  -f  A(/)  +  £'’(/).  where 

= -tar:'’*'"''’ 

*  =  l 

and 


c)- 


k=t 


^  0.1-1.  Ox  J 

J=1 


(3) 


The  stat('  of  the  discrete  meditim  changes{.V}  — t 
{A’'}  as  a  r<'sult  of  ium])s  (collisions)  or(and)  fluctu¬ 
ation  stochastic  processes  in  the  jihase  space  (7?'''  } 
<lurin,g  the  time  interval  At 

We  write  down  the  ID  Ito  SDE  for  the  N-ariable  ve¬ 
locity  (here  we  use  the  scalar  quantity  (  instead  of  V’ 
in  order  to  simplify  the  ecpiations  of  the  stochastic 
analog)  and  out  of  spatial  coordinate  r;  both  quan¬ 
tities  depend  on  time  t.  On  tlx*  basis  of  definition 
of  the  stochastic  Ito  integral  we  have 


(i  =  P+  [  ATdr+  f  Brdu'r+  I  I  C(1,T)AT°{i,d.T) 

J  til  Jt(i  *'t{i  J  fZ 

(4) 

with  the  initial  condition  {(/  =  0)  =  p  and  t  > 
to.  Here  A,  =  A{i.X(t)).  B,  =  B(t.X{t)),  C,  = 
C{i.X{t))  are  the  given  nonlinear  functions,  tc,  is 
a  one- dimensional  Wiener  process  in  phase  space 
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TZ.  and  A'P°(<.  dx)  is  the  change  in  the  centered 
pointwise  Poisson  process  'P^(t,dx)  in  the  space  Ti. 
The  bounds  of  the  range  of  definition  of  the  MP 
t  >  0  are  determined  by  conservation  of  en¬ 
ergy  and  momentum  of  colliding  particles.  It  is  seen 
in  (4)  that  functional  coefficients  of  the  SDE  depend 
on  the  mathematical  expectation  of  the  stochastic 
process  {A’(t)}. 

Two-dimensional  Ito-Stratonovich  SDE  for  plasma 
particles  of  the  o  species  1  „  are  : 


dV,Af)  ^  ^  B^(V(t)A)dW(i).  (5) 

la(t)|/=o  =  b'o(t).  t  €  [to.T], 

where  >t(t.l'(0)  ^he  column-vector  of  the  drift 
function.  6(t. !'(/))  -  is  the  2x2  diffusion  matrix, 
ami  ir{t)  is  the  Wiener  stochastic  process.  The 
relation  between  coefficients  of  the  FPK  equation 
)  and  coefficients  A  and  B  of  the  SDE  (5)  is 

follows: 


^r(/.r(t))  =  or^(t.f(t))  - (6) 


B:]B';,  =  h:){t.v{t))  (7) 

Matrix  equation  (6)  shows  that  the  Stratonovich 
form  is  used  to  find  this  relation  (see  ref.  14.  2G-27 
in  [1]). 

Such  representation  of  the  SDE  coefficients  is  very 
imijortant.  since,  in  this  case,  the  algorithm  is 
stable.  In  addition,  it  is  necessary  to  determine, 
whether  the  sign  of  the  quadratic  form  of  the  diffu¬ 
sion  matrix  is  j>ositive.  and  define  more  exactly 
th('  boundaries  of  the  region  of  existence  of  the  so¬ 
lution  corresponding  to  the  MP. 

The  numerical  method  for  solving  the  nonlinear 
SDE  is  based  on  the  expansion  of  the  exact  .solu¬ 
tion  in  the  stochastic  Taylor  series  with  respect  to 
two  components  of  the  vector  variable  V{f  -|-  At). 
Modern  stable  algorithms  for  solving  SDE  with  the 
functional  coefficients  (namely  :  "weight"  scheme 
for  BE  as  well  the  optimal  ‘‘filtering”  of  diffusion 
processes  for  FPK  and  FPL,  Stratonovich  form 
of  Ito  integral  et  all.)  make  it  possible  to  study 
the  nonlinear  mechanisms  of  collisional  proces.ses  in 
nonequilibrium  media. 


3  Results 

Computer  experiments  confirmed  some  features  of 
the  nonequilibrium  processes  in  gases  and  plasmas, 
which  were  previously  deduced  from  the  analysis  of 
one-particle  DF  in  velocity: 

•  rapid  thermalization  of  the  neutral  gas  in  a  hot 
plasma  through  the  resonant  charge  exchange; 

•  freezing  of  the  nonequilibrium  electron  DF  in 
the  uniformly  expanding  partially  ionized  gas: 

•  appreciable  deviation  of  the  velocity  DF  of 
the  molecular  hydrogen  in  the  electron-  excited 
state  from  the  equilibrium  distribution,  when 
the  excitation  of  the  noble  gas  in  the  discharge 
is  quenched  by  the  two-atomic  molecule. 

We  have  studied  the  parameters  of  the  discharge, 
in  which  the  vibrational  states  of  gas  molecule  can 
be  excited,  which  is  the  necessary  condition  for  the 
efficient  dissociative  attaclmif-nt  of  the  low-energy 
electrons  to  a  molecule. 

In  analyzing  the  multicharged  ions,  which  are 
promising  for  creation  of  a  U\"  laser,  an  effect  was 
discovered  of 

•  inverse  population  of  the  "working”  levels  of 
the  hydrogen-like  carbon  ions  in  the  colliding 
flows  of  the  laser  plasma: 

•  in  the  multicharged  ion  plasma  confirmed  the 
role  of  cooling  the  i)lasma  electrons  as  nec- 
essarj'  condition  for  the  lasing  effect,  as  it  is 
follows  from  the  results  of  laboratory  experi¬ 
ments: 

•  the  results  of  computer  experiments  take  into 
acct>unt  the  resonance  charge  exchange; 

•  the  results  depend  on  the  degree  of  phase  space 
intermixing  by  collisions. 

The  numerical  model  based  on  the  diffusion  MP  is 
developed  for  the  fluctuation  stage  of  the  conden¬ 
sation  of  the  water  vapor.  The  nonstationary  size 
distributions  of  clusters  are  obtained,  which  char¬ 
acterizes  the  mechanism  of  phase  transition. 

4  Conclusion 

SSM  was  used  for  simulation  of  the  kinetic  phe¬ 
nomena  in  the  plasma  of  the  multicharged  carbon 
ions  (see  ref.37-39  in  [1])  for  studies  of  the  efficiency 
of  the  dissociative  decay  of  the  gas  molecules  (see 
ref.9,13,53  in  [1]),  for  modeling  the  fluctuation  stage 
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of  tho  phaso  transition  of  the  first  kind  in  the  sn- 
persaturated  water  \Tipor  (see  ref.12.14.67  in  [1])  as 
well  the  initial  stage  of  cavitation,  and  for  model¬ 
ing  the  clusterization  of  defects  of  the  crystal  lattice 
(see  ref.6G.73  in  [1]).  Areas  of  applicability  of  SSM 
using  the  kinetic  codes  NICOL  and  PLASCOL  are 
large  enough. 

The  work  is  partly  supported  by  the  Russian  Foun¬ 
dation  for  Fundamental  Research,  grant  97-02- 
17627. 
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An  Heuristic  Model  for  Interatomic  Potential  * 

V.  Sankovitch 

Dept.  Fisica  Fundamental,  UNED,  Madrid,  Spain 


The  formal  examination  of  the  elementary  interac¬ 
tion  between  atoms  (or  molecules)  is  usually  car¬ 
ried  out  by  means  of  an  interaction  potential,  Ac¬ 
tive  function  of  the  distance  between  the  interacting 
atoms.  Often,  however,  this  function  is  not  suf¬ 
ficient  to  allow  the  understanding  of  the  observed 
phenomenon.  So,  for  example,  in  the  case  of  het¬ 
erogeneous  catalysis,  we  have  a  ’’complex”  inter¬ 
action  and  observe  a  whole  set  of  such  phenomena: 
reagents  adsorption  on  the  metal  surface,  their  acti¬ 
vation,  chemical  reaction,  and  finally  the  desorption 
of  the  reagents  and  the  reaction  products.  These 
last  ones  abandon  the  surface,  as  experiments  show, 
in  a  strongly  excited  state  and  with  a  high  velocity, 
much  superior  to  the  thermal  velocity  correspond¬ 
ing  to  the  metal  temperature.  All  these  phenomena 
depend  on  the  metal  temperature  and  on  the  energy 
of  the  reagent  molecules  falling  onto  the  surface.  It 
is  not  possible  to  understand  all  this  set  by  the  "re¬ 
alistic”  potential  curve  without  the  introduction  of 
complementary  ad  hoc  hypothesis  for  each  of  this 
phenomena. 

The  author  proposes  to  displace  slightly  the  accent 
of  the  problem  and  to  examine  the  interaction  is¬ 
sue  with  regard  to  the  wave  structure  of  the  atom 
field,  which,  contrarily  to  a  potential,  really  exists. 
This  approach  seems,  to  the  author’s  mind,  justi¬ 
fied  also  because,  strictly  speaking,  the  concept  of 
potential  is  not  applicable  to  the  atom  :  its  electro¬ 
magnetic  field  is  not  potential.  A  "realistic”  poten¬ 
tial  obtained  on  the  base  of  various  experimental 
data,  undoubtedly  contains  in  itself  the  informa¬ 
tion  about  the  actual  field  of  the  interacting  atoms. 
Therefore,  as  a  first  approximation  to  this  issue, 
it  was  used  as  true  energy  profile  for  an  hypothet¬ 
ical  atom  field.  The  well-known  potential  curves 
for  inert  gases  were  presented,  with  quite  a  good 
precision,  as  the  superposition  of  two  waves  of  the 
type  (a/r^) sin(6/r®)  or  (a/r^) sin(6/r^).  The  for¬ 
mulas  are  not  in  themselves  any  better,  nor  worse, 
than  all  other  approximations  used  in  the  nowadays 
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practice  and  therefore  they  are  not  a  special  inter¬ 
est.  The  author  looks  upon  this  attempt  only  as  a 
"ballon  d’essai” ,  allowing  to  judge  the  possibility  of 
such  superposition,  which  would  facilitate  the  un¬ 
derstanding  of  all  above-mentioned  phenomena. 
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Further  Evaluation  of  a  Model  of  Collisional  Dissociation  * 

R.G.  Lord 

Department  of  Engineering  Science 
Oxford  University,  England 


1  Introduction 

A  model  of  dissociation  of  diatomic  molecules  in 
intermolecular  collisions,  for  use  in  Direct  Simula¬ 
tion  Monte  Carlo  calculations,  has  been  proposed 
by  Lord  [1].  This  model  is  a  development  of  the  ex¬ 
act  available  energy  or  vibrationally-linked  chem¬ 
istry  model  of  Bird  [2],  which  models  dissocia¬ 
tion  via  Borgnakke-Larsen  type  energy  redistribu¬ 
tion  between  translation  and  internal  modes,  disso¬ 
ciation  being  assumed  to  occur  whenever  the  vibra¬ 
tional  energy  of  a  molecule  exceeds  its  dissociation 
energy. 

However,  Bird  assumes  the  existence  of  discrete  en¬ 
ergy  levels  above  the  dissociation  limit,  which  is  un¬ 
realistic;  furthermore,  the  dissociation  probability 
is  found  to  depend  on  the  (arbitrary)  spacing  as¬ 
sumed  for  these  levels  [3],  [4].  In  fact,  the  discrete 
vibrational  levels  all  lie  below  the  dissociation  en¬ 
ergy  and  a  continuous  spectrum  of  dissociated  levels 
lies  above  it.  Unfortunately,  Bird’s  method  cannot 
be  used  without  modification  with  this  more  real¬ 
istic  energy  level  scheme  because  the  existence  of 
an  infinite  density  of  dissociated  states  leads  to  the 
prediction  of  dissociation  in  every  collision  in  which 
sufficient  energy  is  available. 

Lord’s  model  overcomes  this  problem  by  introduc¬ 
ing  the  constraint  that  only  the  kinetic  part  of  the 
energy  of  vibration  is  exchanged  in  collisions.  This 
model,  when  used  in  conjunction  with  the  energy 
level  scheme  of  a  Morse  oscillator,  has  been  show'n 
to  yield  equilibrium  dissociation  rate  constants  for 
N2  which  are  in  excellent  agreement  with  published 
values  and  to  exhibit  vibrational  favouring  of  disso¬ 
ciation  [1],  However,  as  pointed  out  by  Wadsworth 
and  Wysong  [5],  the  predicted  rate  constant  is  dom¬ 
inated  by  the  collision  selection  algorithm  and  is 
thus  a  rather  poor  measure  of  the  validity  of  a 
model. 

The  aim  of  the  paper  is  to  present  the  results  of 
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more  stringent  tests  on  the  model,  and  to  make 
more  detailed  comparisons  with  other  dissociation 
models.  Particular  attention  will  be  paid  to  the 
phenomenon  of  vibrational  favouring  of  dissocia¬ 
tion,  as  evidenced  by  the  variation  of  the  rate 
constant  with  vibrational  temperature  at  constant 
transrotational  temperature,  the  dissociation  prob¬ 
abilities  from  different  vibrational  energy  levels  for 
a  given  collision  energy  and  the  pre-collision  en¬ 
ergy  distributions  of  molecules  which  become  dis¬ 
sociated  . 

Consideration  will  also  be  given  to  oxygen  and  hy¬ 
drogen  molecules  in  addition  to  nitrogen,  and  to  the 
sensitivity  of  the  predictions  to  the  precise  shape  of 
the  assumed  interatomic  potential. 

2  Preliminary  results 

Figure  1  shows  dissociation  probabilities  predicted 
by  the  model  for  a  nitrogen  molecule  in  collision 
with  a  second  molecule  at  various  total  collision 
energies  (transrotational  and  vibrational)  greater 
than  the  dissociation  energy.  The  procedure  used 
here  is  the  serial  procedure,  in  which  the  vibrational 
energy  of  the  second  molecule  does  not  contribute 
to  the  exchange,  but  complete  exchange  is  allowed 
between  the  kinetic  energy  of  vibration  of  the  first 
molecule  and  the  transrotational  energy  of  the  col¬ 
lision.  The  probability  of  dissociation  is  plotted 
against  the  vibrational  energy  of  the  molecule  be¬ 
fore  collision  and  can  be  seen  to  approach  unity  in 
each  case  as  this  energy  approaches  the  dissociation 
energy. 

Figure  2  shows  the  pre-collision  vibrational  distri¬ 
bution  of  nitrogen  molecules  which  become  dissoci¬ 
ated  in  a  gas  in  equilibrium  at  lOOOOK,  compared 
with  the  equilibrium  vibrational  distribution  of  all 
molecules  at  this  temperature.  The  quantity  plot¬ 
ted  is  the  normalized  frequency  of  each  vibrational 
level  In  this  case  the  colliding  molecules  were  con¬ 
sidered  together  and  the  vibrational  kinetic  energies 
of  both  molecules  contributed  to  the  exchange.  The 
graph  clearly  demonstrates  the  vibrational  favour- 


252 


NON-EQUHroRIUM  FLOWS  -  NE  P 


ing  which  is  inherent  in  the  nfiodel. 


[4]  Wadsworth  D.C.  and  Wysong  I.J.,  Examina¬ 
tion  of  DSMC  Chemistry  Models:  Role  of  Vi¬ 
brational  Favoring,  in  Rarefied  Gas  Dynamics 
20,  ed  Ching  Shen,  Peking  University  Press, 
Beijing,  1997,  pp.174-179. 
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Figure  1:  Dissociation  probabilities  of  nitrogen 


Figure  2:  Pre-collision  vibrational  energy  distribu¬ 
tions  of  nitrogen  molecules  at  lOOOOK 
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Dissociation  Rate  Constants  of  O2,  N2,  NO,  CO,  CN,  C2  and 
CO2  -Molecules  in  Thermally  Equilibrium  Conditions  at 
Temperatures  300  -  40000i^  * 

L.B.  Ibraguimova,  G.D.  Smekhov,  O.P.  Shatalov 
Institute  of  Mechanics,  Moscow  State  University,  Moscow,  Russia 


The  dissociation  processes  of  molecules  dictate  the 
structure  of  relaxation  region  behind  the  strong 
shock  waves, for  instance, behind  the  bow  shock  dur¬ 
ing  hupersonic  flow  streaming  around  the  bodies 
moving  through  the  atmospheres.  The  conditions 
in  chemical  relaxation  region  behind  the  shock  wave 
may  be  local-equilibrium  or  non-equilibrium  ones. 
This  is  defined  by  the  relation  between  gas  flow  pa¬ 
rameters  behind  the  surface  of  discontinuity  and 
dissociation  rates  of  molecules.  Dissociation  rate 
constants  ko{T)  are  presented  as  one- temperature 
function  at  local-equilibrium  conditions  because  in 
this  case  the  distribution  of  molecules  over  the 
translational  and  internal  degrees  of  freedom  is  de¬ 
fined  by  single  temperature  T  named  as  gas  or 
translational  temperature.  However  a  situation 
often  arises  when  the  local-equilibrium  conditions 
don’t  take  place  behind  the  shock  wave  front.  In 
shock-tube  experiments  it  has  been  shown  the  dif¬ 
ference  exists  between  the  vibrational  and  trans¬ 
lational  T  temperatures  at  some  conditions  in  gas. 
It  also  has  been  established  that  vibrational  non- 
equililibrium  was  the  important  factor  in  diatomic 
molecules  dissociation.  In  these  cases  the  dissoci¬ 
ation  rate  constants  of  molecules  kj  are  controlled 
by  both  temperatures,  T  and  T^.  The  necessity  of 
treatment  of  molecular  dissociation  at  these  condi¬ 
tions  caused  a  great  quantity  of  theoretical  mod¬ 
els  to  be  created  where  many-temperature  dis.socia- 
tion  rate  constants  were  considered.  These  models 
were  systematized  in  some  reviews  (for  instance  [1]) 
where  kd  was  often  presented  as: 

kd(T,T,)  =  ko  Z(T,T,) 

Here  Z(T,T^)  is  non-equilibrium  factor  which  de¬ 
fines  the  deviation  of  distribution  over  molecular 
internal  degrees  of  freedom  from  equilibrium  one; 
ko(T)  is  the  equilibrium  value  of  dissociation  rate 
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constant  corresponding  to  thermally  equilibrium 
conditions,  i.e.  ko  =  kd  and  Z  =  1  at  T„  =  T. 

The  aim  of  the  present  work  was  the  determination 
of  equilibrium  dissociation  rate  constants  ko  with 
the  reasonable  degree  of  reliability  at  the  wide  tem¬ 
perature  range. 

There  are  no  many  of  the  theoretical  models  making 
possible  to  calculate  the  absolute  values  of  equilib¬ 
rium  rate  constants  ko-  So  if  there  was  a  necessity 
to  obtain  such  values  the  scientist  usually  would  use 
the  experimental  data.  In  doing  so  he  should  have 
the  assurance  that  gas  flow  conditions  in  the  ex¬ 
periments  would  correspond  to  thermal  equilibrium 
process  of  dissociation.  However  the  extrapolation 
of  these  values  ko  to  other  than  measured  tempera¬ 
ture  ranges  may  come  to  great  errors.  This  is  true 
for  very  high  temperatures  20000  -  50000/v  typi¬ 
cal  for  strong  shock  waves,  and  also  for  low  tem¬ 
peratures  that  are  marked  in  cooling  gas  flows  or 
boundary  layers. 

To  obtain  the  reliable  values  of  equilibrium  dissoci¬ 
ation  rate  constants  ko  at  wide  temperature  range 
is  possible  only  if  we  rely  on  the  theoretical  models 
and  the  experimental  data  as  well.  The  theoret¬ 
ical  models  give  justified  temperature  dependence 
of  rate  constants  and  the  experimental  data  make 
possible  to  normalize  these  calculated  values  of  ko- 
This  is  precisely  the  method  used  in  the  present 
work.  The  models  of  [2]  and  [3]  were  used  for  calcu¬ 
lation  of  ito-values.  The  quantities  for  normalizing 
of  calculated  ifco~values  were  taken  from  data  [4,5]. 
In  these  works  the  experiments  on  dissocation  of 
O2,  N2,  N0,C0,CN,C2  and  C02-niolecules  were 
analysed  and  the  recommended  dissociation  rate 
constants  were  obtained  at  the  temperature  range 
that  was  not  higher  than  10000  -  15000 A'  and  not 
lower  than  2000  —  3000 A'.  The  available  data  on 
recombination  rate  constants  at  low  temperatures 
were  also  taken  into  account.  As  the  result  the  val¬ 
ues  of  ko  were  recommended  for  these  molecules  at 
temperature  range  T  =  300  — 40000A'  and  were  pre- 
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sented  as; 


iko  =  A  •  T"  •  (1  -  exp{-e/T))  •  exp(-D/7’) 

Here  ©  and  D  are  the  characteristic  vibrational 
temperature  and  dissociation  energy  of  molecule  ac¬ 
cordingly,  A  and  n  are  the  parameters  obtained. 
The  analysis  of  uncertanties  of  rate  constants  fco 
was  also  performed  at  temperature  range  in  quec- 
tion. 

The  work  was  supported  by  Grant  INTAS-RFBR 
No  95-510. 
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Assessment  of  New  Theoretical  Information  on  Rotational 
Collision  Number  of  Nitrogen  at  High  Temperatures  and  its 
Possible  Effect  on  Modeling  of  Reacting  Shocks  * 

I.J.  Wysong,  D.C.  Wadsworth 
Hughes  STX,  Air  Force  Research  Laboratory, 

Propulsion  Sciences  Division,  Edwards  Air  Force  Base,  California  USA 


Rotational  relaxation  of  a  bulk  gas  is  usually  quan¬ 
tified  in  terms  of  a  characteristic  rotation  time  (th) 
or  rotational  collision  number  Zn-  Zn  is  approxi¬ 
mately  equal  to  1/n  where  n  is  the  number  of  col¬ 
lisions  required  to  reach  equilibrium.  Many  studies 
have  produced  predictions  of  Zr  and  its  variation 
with  temperature,  with  nitrogen  the  molecule  most 
commonly  examined.  A  study  by  Parker  [1]  used 
a  simplified  (2D)  classical  model  of  rotation  to  de¬ 
rive  predictions  for  the  value  of  Zr  and  its  depen¬ 
dence  on  temperature  for  diatomic  molecules  for  the 
case  of  no  initial  rotation.  The  resulting  expressions 
for  the  rotational  energy  gained  per  collision  and 
Zr{T)  depend  on  several  poorly-known  parameters 
representing  the  intermolecular  potential  and  are 
generally  used  with  an  empirically  adjusted  value. 
Lordi  and  Mates  [2]  have  extended  Parker’s  anal¬ 
ysis  to  obtain  Zr(T)  for  initially  rotating  nitrogen 
molecules. 

Lordi  and  Mates,  and  others,  have  shown  that, 
when  a  gas  departs  significantly  from  equilibrium, 
Zr  is  not  well-defined  and  the  apparent  rotational 
relaxation  time  may  vary  depending  on  the  type 
and  degree  of  nonequilibrium.  In  particular,  for  a 
shock  case  where  the  initial  rotational  temperature 
is  very  low,  the  effective  value  of  Zr  is  significantly 
reduced  over  the  corresponding  near-  equilibrium 
value  for  that  translational  temperature. 

Most  direct  simulation  Monte  Carlo  (DSMC)  simu¬ 
lations  use  the  approximation  of  classical  (continu¬ 
ous)  rotational  energy  characterized  by  some  value 
oi  Zr.  a  reasonable  estimation  of  the  temperature 
dependence  of  Zr  is  a  desired  part  of  a  simplified 
model  of  rotational  relaxation  in  a  flowfield.  Sev¬ 
eral  authors  have  presented  DSMC  rotation  models 
based  on  Parker’s  energy  gain  function  where  the 
probability  of  rotational  relaxation  decrecLses  with 
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increasing  collision  energy  with  an  adjustable  pa¬ 
rameter  to  match  the  value  of  Zr  at  some  given 
temperature.  Basing  a  DSMC  variable  relaxation 
probability  model  on  the  Parker  energy  gain  cor¬ 
relation  is  certainly  problematic,  since  its  stated 
applicability  is  only  to  cases  where  the  initial  ro¬ 
tational  energy  is  zero.  On  the  other  hand,  it  does 
produce  the  correct  trend  in  Zr  versus  T,  and  no 
other  simple  analytical  expression  has  been  pro¬ 
duced. 

Although  the  best  information  on  the  temperature 
dependence  of  Zr  for  N2  with  an  emphasis  on  the 
lower  (below  room  temperature)  range  has  been 
summarized  recently  by  Belikov  [3,  4],  some  in¬ 
formation  regarding  the  higher  temperature  range 
has  become  available  in  the  past  few  years.  Values 
of  Zr  have  been  obtained  from  two  state-to-  state 
rate  constant  models.  The  quasiclassical  energy- 
corrected  sudden  (qECSE)  model  has  been  pre¬ 
sented  by  Strekalov  [5,  6],  and  the  statistical  power- 
exponential  gap  (SPEC)  model  is  a  semi-empirical 
fitting  law  used  in  correlating  Raman  line  widths 
to  state-to-state  rate  constants  [7].  In  addition, 
recent  high-level  theoretical  calculations  [8]  on  the 
best  N2-N2  potential  surface  have  provided  predic¬ 
tions  for  the  bulk  viscosity  and  rotational  relaxation 
cross  sections  for  77  <  T  <  2000  K.  These  results 
are  compared  with  the  predictions  of  Parker  and  of 
Lordi  and  Mates. 

In  spite  of  the  large  scatter,  the  newer  results  in¬ 
dicate  that  the  value  of  Zr  levels  off  above  lOOOK 
and  thus  the  Parker  correlation  predicts  too  high  a 
value  of  Zr  at  high  temperatures,  by  about  a  factor 
of  two.  This  will  be  further  exacerbated  in  the  case 
of  a  high-temperature  shock,  where  the  initial  low 
rotational  temperature  will  produce  an  even  lower 
effective  value  of  Zr.  DSMC  calculations  of  a  sim¬ 
plified  bow  shock  flowfield  have  been  undertaken  to 
show  the  effect  of  changing  the  estimated  value  of 
rotational  collision  number.  The  implications  for 
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flowfield  simulations  are  discussed. 
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1  Introduction 

It  is  well  known  that  velocity  of  gaseous  flow  be¬ 
hind  incident  shock  wave  can  be  essentially  higher 
than  mean  heat  velocities  of  the  molecules  within 
this  flow.  Therefore  one  can  consider  the  zone  of 
velocity  distribution  transformation  in  the  front  of 
shock  wave  as  a  region  of  fast  molecular  beam  in¬ 
teraction  with  immovable  gaseous  media.  Such  an 
approach  make.s  clear  that  the  mean  energies  of 
collisions  within  the  front  are  mainly  determined 
by  shock  wave  velocity  instead  of  sound  velocity 
behind  the  wave  and  can  exceed  considerably  the 
mean  energies  of  collisions  in  the  equilibrium  zone. 

However  to  observe  any  nonequilibrium  inelastic 
threshold  processes  induced  by  these  collisions,  an 
inordinately  large  energy  tran.sfer  in  a  single  en¬ 
counter  i.e.  so-called  non-adiabatic  ’’supercolli- 
sions”  has  to  proceed.  The  mechanism  and  efficien¬ 
cies  of  supercollisions  are  determined  by  the  inter¬ 
action  potential  of  colliding  molecules  [1],  but  are 
not  finally  studied  yet. 

Thus,  the  goal  of  this  study  is  not  only  the  experi¬ 
mental  observation  of  nonequilibrium  effects  within 
the  shock  wave  front,  but  the  attempt  to  extract 
the  supercollision  probabilities  for  concrete  molec¬ 
ular  transition. 

According  to  [2]  the  influence  of  high-energy  colli¬ 
sions  within  shock  wave  front  on  the  rates  of  high 
threshold  processes  must  be  the  most  essential  when 
shock  wave  is  propagating  in  the  light  ’’carrier” 
gas  with  the  small  admixture  of  heavy  reactive 
molecules.  Based  on  this  inference  the  measure¬ 
ments  of  short-lived  nonequilibrium  radiation  from 
h  band  B^U)  (A  =  320-345  nm)  at  the 

front  of  shock  waves  in  He,  Ne,  Ar  and  H2  with 
the  small  admixture  of  iodine  molecules  w'ere  per¬ 
formed  . 

The  upper  state  of  this  transition  has  the  bot- 
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tom  energy  about  4.8  eV  that  is  much  above  the  dis¬ 
sociation  threshold  of  I2  (Z)=1.54  eV)  and  therefore 
can  not  be  excited  by  the  weak  collisions  and  the 
only  reason  for  nonequilibrium  radiation  at  340  nm 
within  shock  wave  front  appearance  would  be  the 
non-adiabatic  supercollisions. 

2  Experimental 

During  experiments  the  intensive  peaks  of  nonequi¬ 
librium  radiation  within  shock  wave  front  in  He, 
Ne,  Ar  and  H^  with  0.1  -F  3  %  admixture  of  iodine 
molecules  were  registered.  In  Fig.  1  Boltzmann  plot 
of  equilibrium  intensities  Jeq  measured  from  quasy- 
stationary  traces  and  maximum  intensity  values  J* 
in  the  peaks  are  given.  The  measured  intensities 
Jtq,  J‘  are  normalized  by  the  intensity  Jg  of  refer¬ 
ence  source  (tungsten  lamp)  at  the  brightness  tem¬ 
perature  1600  K. 

The  slope  of  the  experimental  dependence 
\i\(Jeg/Jo  ■  n)  ~  l/kT^ 

must  reflect  the  effective  excitation  energy  E  of  ra¬ 
diative  state  IgiD^T,).  The  equilibrium  data  ob¬ 
tained  at  high  temperatures  fit  the  stright  line  with 
the  slope  E  =  5.45  eV,  which  is  in  a  good  agree¬ 
ment  with  iodine  molecule  geometry.  At  the  lower 
temperatures,  when  the  equilibrium  radiation  in¬ 
tensities  become  lower  the  sensitivity  limit,  only  the 
peak  intensities  J*  were  registered.  These  data  dis¬ 
play  the  essential  overpopulation  of  /2(D^E)  state 
and  apparent  decrease  of  effective  excitation  energy 
caused  by  high-energy  collisions  within  shock  wave 
front. 

3  Discussion 

The  experimental  data  analysis  revealed  that  peak 
intensities  in  the  different  ga.ses  containing  about 
1%  I2  admixture  don’t  depend  on  H2  and  He  con¬ 
centrations  and  increcise  proportionally  to  Ne  and 
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Figure  1:  Boltsman  plot  of  emission  data  versus 
equlibrium  temperature  behind  shock  wave,  /a/  - 
experimental  data  for  I2  +  He  mixture,  o  -  equi¬ 
librium  intensities;  *  -  maximum  intensity  in  the 
peaks,  /b/  -  summarired  plot  of  all  experimental 
dependences  obtained  in  various  I2  +  R  mixtures. 
/!/  -  =  At,  121  -  R=  Ne,  /3/  -  /?  =  He,  /4/  - 

R=H2. 


At  concentrations.  Based  on  this  fact  it  was  con¬ 
cluded  that  in  the  light  gases  {H2  and  He)  inelastic 
collisions  /o  +  h  predominate,  while  in  more  heavy 
gases  (Ne  and  Ar)  collisions  I2  +  Ne  and  I2  -f  Ar 
prevail. 

In  Fig.  2  experimental  data  ln(n*/n)  (measured  in 
H2  and  He)  dependence  on  the  reversal  effective 
energy  of  collision  are  given.  Besides  the  values  of 
E‘  (b),  calculated  on  the  basis  of  Boltzmann  equa¬ 
tion  solution  by  the  modified  Tamm-Mott-Smith 
method  [2]  the  estimation  of  Ei  =  mK^/2  (a)  and 
Eh  =  MV'^/A  (c),  made  in  assumption  of  molecu¬ 
lar  beam  of  light  or  heavy  molecules,  moving  with 
shock  wave  velocity  V  are  shown.  It  is  clearly  seen 
that  only  E“  values  fit  the  experimental  measure¬ 
ments:  a  good  coincidence  between  data  in  H2  and 
He  exists  and  the  slope  of  the  dependence  is  close 
to  the  excitation  energy  of  I2{D^E)  state,  while  Ei 
and  Eh  values  are  not  capable  of  describing  the 
experiments.  Thus,  the  important  conclusion  can 
be  made  that  mean  energies  E*  of  collisions  within 
shock  wave  front  attain  factor  of  10  more  than  equi¬ 
librium  ones  kT2  behind  shock  wave. 


Figure  2:  Nonequilibrium  populations  of  /2(Z)^S) 
state  in  dependence  on  the  effective  energy  of  colli¬ 
sions  Ei  (see  text). 


The  last  part  of  experimental  data  treatment  was 
aimed  to  estimate  the  absolute  value  of  non- 
adiabatic  supercollisions  probabilities  P„a  and  com¬ 
pare  it  with  the  numerical  calculations  of  effective 
adiabatic  transition  probability. 

To  obtaine  the  apparent  values  of  P„a,  the  exper¬ 
imental  data  of  J*  were  related  to  corresponding 
equilibrium  radiation  intensities  J^q,  extrapolated 
from  high-temperature  dependence  of  Fig  1.  Then 
it  was  assumed  that: 

!}—-  Pnaexp{-E/E‘) 

Jeg  ~  exp(-E/kT2) 

The  transition  probabilities  ex¬ 

tracted  from  experimental  data  by  means  of  this 
relation  exceeded  the  calculated  ones  in  the  frames 
of  adiabatical  approach  by  the  factors  of  10^®-;- 10^°. 
Thus,  exciting  collisions  I2  +  h  certainly  have  a 
strong  non-adiabatic  nature  and,  most  likely  repre¬ 
sent  some  kind  of  complex-forming  supercollisions. 
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1  Introduction 

For  the  development  of  a  space  vehicle,  severe 
conditions  such  as  the  reentry  problem  should  be 
overcome.  Highly  non-equilibrium  flow  behind  the 
strong  shock  wave  has  been  investigated  by  many 
researchers  and  the  radiation  from  atomic  species 
has  been  well  established.  However,  sufficient  data 
have  not  been  obtained  in  the  wide  Mach  number 
range  by  experimental  studies,  and  details  of  the 
radiation  from  molecules  are  still  unknown.  In  this 
study,  our  aims  are  to  obtain  detail  data  focused 
on  the  medium  hypersonic  region  such  as  the  Mach 
number  is  in  the  neighborhood  of  10.  A  free-piston 
shock  tube  was  newly  constructed  and  used  as  a 
experimental  apparatus.  The  performance  of  the 
free-piston  shock  tube  and  primary  results  on  the 
non-equilibrium  flow  behind  a  shock  wave  were  re¬ 
ported  in  this  abstract. 

2  Experimental  setup 

Figure  1  shows  the  schematic  diagram  of  the  free- 
piston  shock  tube.  The  quick  opening  valve  was 
installed  in  the  high  pressure  chamber.  The  free 
piston,  having  the  mass  of  2.3  kilogram,  was  set  up¬ 
stream  end  of  the  compression  tube.  The  aluminum 
diaphragm  incised  crucially  in  advance  was  set  at 
the  end  of  compression  tube.  Three  pre.ssure  taps 
were  installed  at  the  position  denoted  by  a  symbol 
#  as  shown  in  fig.l.  In  addition,  a  photo  diode  was 
located  at  the  opposite  side  of  the  pressure  tap  #3 
to  measure  the  duration  of  radiation.  The  radiation 
behind  a  strong  shock  wave  was  observed  by  using 
the  image  converter  camera. 

The  used  gas  and  the  initial  condition  of  each  sec¬ 
tions  are  shown  in  tab.l.  The  gas  was  charged  into 
each  sections  after  making  highly  vacuum  condi¬ 
tion.  In  order  to  avoid  an  exudation  of  impurities 
from  the  material  inside  the  tube  under  the  high 
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vacuum  condition,  the  low  pressure  section,  test  sec¬ 
tion  and  dump  tank  were  made  of  aluminum. 

The  compression  process  of  the  helium  by  the  piston 
was  nearly  isentropically  and  the  maximum  pres¬ 
sure  was  well  predicted  by  solving  a  simple  equa¬ 
tion  of  motion.  After  the  pressure  of  helium  has 
reached  nearly  maximum  pressure,  the  aluminum 
diaphragm  was  broken,  and  then,  the  strong  shock 
wave  was  generated  and  propagated  downstream  in 
the  low  pressure  section. 

3  Experimental  results 

Figure  2  shows  the  diagram  of  the  Mach  number 
of  the  shock  wave  versus  the  initial  pressure  in  the 
high  pressure  chamber.  Experimental  results  were 
shown  in  the  diagram  as  well  as  the  theoretical 
analysis,  which  was  not  taken  into  account  the  real 
gas  effects.  However  the  experimental  results  were 
considerably  lower  than  theoretical  prediction,  the 
shock  wave  of  Mach  number  is  10,  which  is  our  pri¬ 
mary  aim,  were  achieved. 

Figure  3  shows  the  radiation  behind  the  shock 
wave  observed  by  using  the  image  converter  cam¬ 
era.  The  shock  wave  propagates  from  left  to  right. 
The  change  in  intensity  of  the  radiation  behind 
the  shock  wave  was  shown  in  fig. 4.  From  figs.  3, 
4,  there  was  no  radiation  immediately  behind  the 
shock  wave.  The  intensity  of  the  radiation  increased 
and  then  decreased  as  reduce  in  the  distance  from 
the  shock  wave.  In  the  boundary  layer,  the  radia¬ 
tion  of  very  high  intensity  was  observed. 

The  comparison  of  the  experimental  results  and  the 
numerical  calculation,  which  is  taken  into  account 
the  real  gas  effects,  will  be  shown  in  the  symposium. 

4  Conclusion 

The  free-piston  shock  tube  was  newly  constructed. 
The  primary  data  of  the  radiation  behind  the  shock 
wave  was  observed. 


260 


NON-EQUILffiRIUM  FLOWS  -  ME  P 


3020 


# :  Pressure  Transducer 


650 

.  #2 
1  1 

P 

Low  Pressure  Section  45X45 


Free  Piston 


Vacuum  Pump 


Alminium  Diaphragm 


I 


Image  Converter  Air 
Camera  . 


Figure  1;  Schematic  diagram  of  exprimental  apparatus  (Unit  :  mm) 


Used  gas 


High  pressure  chamber 

Compression  tube 

Nitrogen 

Helium 

0.2~2.0  [MPa] 

100.0  [kPa] 

Pure  air 


300  [Pa] 


Table  1:  Experimental  condition 
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Figure  2:  Mach  number  of  shock  wave 


Figure  3:  Radiation  behind  shock  wave 
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Figure  4:  Duration  of  radiation  behind  shock  wave 
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The  aim  of  this  paper  is  a  numerical  simulation  of 
compressible  high  enthalpy  air  flows  in  a  hyper¬ 
sonic  nozzle.  In  such  conditions  air  is  considered 
as  a  five  component  mixture  N2,  O2,  NO,  N  and 
0.  In  the  expanding  nozzle  the  temperature  associ¬ 
ated  to  the  translation-rotational  and  vibrational 
modes  decrease  along  the  axis  and  the  chemical 
composition  and  the  vibrational  temperature  of  the 
molecules  N2  and  O2  are  frozen  near  the  exit  of 
the  nozzle  and  are  different  from  their  equilibrium 
values. 

The  molecules  A'j  and  O2  are  considered  in  vibra¬ 
tional  non-equilibrium  while  NO  is  assumed  in  vi¬ 
brational  equilibrium  due  to  its  small  vibrational 
relaxation  time  in  comparaison  to  the  characteris¬ 
tic  time  scale  of  the  flow.  The  vibrational  relax¬ 
ation  of  O2  and  A’2  is  considered  to  occur  via  the 
Vibrational-Translational  (T-V)  energy  exchanges 
in  addition  of  the  Vibration-Chemistry  exchanges. 
The  order  of  magnitude  of  the  relaxation  time  of 
the  vibrational  process  and  the  chemical  reaction 
being  similar,  there  results  a  strong  coupling  be¬ 
tween  these  non-equilibrium  phenomena. 

Different  models  of  coupling  between  vibrational 
and  chemical  reactions  have  been  developed  dur¬ 
ing  the  last  years  [1],  [2],  [3],  [4],  [5]  and  most 
of  them  are  based  on  various  coupling  parame¬ 
ters  which  are  poorly  known.  More  recently,  a  ki¬ 
netic  model  [6]  based  on  a  scaling  of  characteristic 
times  of  elementary  collisional  proce.sses  including 
translational-rotational-vibrational  exchanges  and 
chemical  transformations  is  performed  by  solving 
the  Boltzmann  equation.  In  this  study,  five  models 
are  considered  for  the  computation  of  the  flow  in 
hypersonic  nozzle  and  the  results  obtained  by  using 
the  different  models  of  coupling  are  compared  be¬ 
tween  them  and  with  the  ones  obtained  by  using  the 
model  derived  from  the  kinetic  theory  [G].  The  test 
case  is  a  high  enthalpy  air  mixture  flow  expanding 
in  TCM2  wind  tunnel  nozzle  where  the  total  pres- 
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sure  and  temperature  are  respectively  220  bars  and 
6340K. 

The  compressible  reactive  Navier-Stokes  equations 
are  solved  by  using  a  fully  implicit  finite  volume 
predictor-corrector  MacCormak’s  scheme  [7],  This 
numerical  method,  unconditionally  stable,  is  second 
order  accurate  in  space  and  time.  It  is  based  upon 
the  second  order  flux  difference  splitting  procedure. 
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1  Introduction 

Transport  problems  in  rarefied  gases  in  one¬ 
dimensional  geometries  can  be  solved  by  various 
numerical  methods  when  the  linearized  Boltzmann 
equation  may  be  applied;  solution  methods  for  the 
nonlinear  Boltzmann  equation  are  known  mainly  for 
the  BGK  model  and  some  generalizations  [1].  An 
early  study  by  Willis  [2]  showed  that  the  effects  of 
the  nonlinearities  are  surprisingly  small  for  the  heat 
transport  problem.  In  the  work  reported  here  we 
therefore  studied  the  infiuence  of  the  nonlinearity 
for  another  transport  problem,  the  mass  transport 
between  two  walls  at  different  chemical  potentials. 
The  main  application  is  a  vapor  between  two  walls 
at  different  temperatures  covered  by  liquid  films. 
In  such  a  case  both  heat  and  mass  are  transported. 
However,  in  the  results  reported  here  explicitly,  we 
confine  ourselves  to  the  pure  mass  transport. 


2  Solution  Methods  used 

The  most  convenient  method  for  linear  problems 
in  the  given  geometry  is  the  moment  method, 
a  systematic  generalization  of  Grad’s  13-moment 
method.  We  used  the  version  developed  in  an  ear¬ 
lier  paper  from  our  group  [3],  where  references  to 
earlier  work  can  be  found.  For  operators  of  BGK- 
type,  the  nonlinear  problem  can  be  solved  either 
by  a  reduction  to  a  set  of  coupled  integral  equa¬ 
tions  [2]  or  by  a  direct  solution,  by  discretization 
in  space  and  longitudinal  velocity,  of  the  set  of  cou¬ 
pled  differential  equations  for  the  relevant  moments 
of  the  transverse  velocity,  which  is  a  finite  set  for 
operators  of  this  type. 
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3  Typical  Results 

We  present  the  results  for  a  given  chemical  potential 
or  pressure  difference  Ap;  in  Fig.  1  we  present  the 
resulting  particle  current  in  the  BGK-model  as  a 
function  of  the  plate  distance  (in  units  of  the  mean 
free  path)  for  various  linear  and  nonlinear  treat¬ 
ments.  The  moment  method  and  the  other  methods 
agree  for  the  linearized  case  to  within  the  accuracy 
shown.  They  interpolate  between  the  free  flow  re¬ 
sult  at  low  d  and  the  small  Knudsen  number  expan¬ 
sion  by  Sone  et  al.  [4]  at  large  d.  The  discrepancy 
between  linear  and  nonlinear  treatment  is  appricia- 
ble  only  for  large  d;  it  amounts  to  approximately 
4%  for  Ap  =  1;  it  may  be  reduced  to  0.6%  when 
we  linearize  around  a  drifting  Maxwellian  with  the 
right  current  (via  an  iterative  procedure).  Hence, 
qualitatively  we  obtain  the  same  result  as  Willis: 
the  nonlinear  effects  are  small  for  our  problem  as 
well. 

In  Table  1  we  present  numerical  results,  both  for  the 
BGK  model  and  for  various  modifications  that  yield 
the  correct  Prandtl  number.  In  the  linear  case  one 
has  the  freedom  to  choose  the  relaxation  times  for 
the  higher  moments  of  the  momentum  distribution 
function  either  equal  to  that  of  the  viscous  mode 
(model  I)  or  to  that  of  the  heat  conductivity  mode 
(model  II).  The  differences  both  with  the  pure  BGK 
model  and  between  the  corrected  models  are  about 
1.6%  for  model  I  and  about  0.3%  for  model  II.  For 
the  nonlinear  case  one  has  more  freedom;  we  consid¬ 
ered  the  elliptic  model  [5]  and  Shakov’s  model  [6]. 
Here  the  effects  are  quite  small  and  quite  similar 
for  the  two  models  and  also  similar  in  magnitude  to 
those  for  the  linear  model  I. 

4  Further  Results 

In  the  full  paper  we  also  present  results  obtained 
for  gas  mixtures  and  for  the  coupled  mass  and  heat 
transport  problem.  In  the  latter  case  we  calculate 
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-0.3459 

u 
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Table  1;  The  Ap  dependence  of  the  normalized  particle  current  in  the  hydrodynamic  limit  for  different 
models:  the  first  three  columns  are  the  nonlinear  cases,  where  the  first  column  has  a  Prandtl  number 
equal  to  1  in  contrast  to  the  following  two.  The  situation  for  the  linearized  versions  is  similar,  lin  I, II 
denote  two  different  variants  of  the  linearized  BGK  model  with  a  corrected  Prandtl  number. 


Figure  1;  The  particle  current  plotted  against  the  plate  distance  in  reduced  units  in  the  linearized  and 
the  nonlinear  case.  Sone’s  hydrodynamic  approach  is  in  good  agreement  with  our  results. 


heat  and  mass  current  as  functions  of  the  applied 
temperature  and  pressure  (chemical  potential)  dif¬ 
ferences.  They  are  connected  by  a  coefficient  matrix 
of  Onsager  type,  which  reduces  to  the  Onsager  ma¬ 
trix  in  the  linearized  case.  The  dependence  of  the 
coefficients  on  the  plate  distance  is  calculated.  The 
negative  temperature  gradient  effect  first  described 
in  [7]  is  also  found  and  discussed. 
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The  recent  advances  in  computer  industry  makes  it 
possible  to  develop  efficient  algorithms  and  numer¬ 
ical  schemes  while  solving  complex  thermophysical 
and  gasdynamic  problems.  However  the  progress 
in  the  computing  simulating  can  be  reached  if 
chemical-physical  processes  are  taking  into  account. 
And  to  get  full  use  of  the  benefits  gained  from  com¬ 
puter  modelling  efficient  chemical-physical  mod¬ 
els  are  needed.  That  is  the  hydrodynamic  equa¬ 
tions  and  corresponding  coefficients  in  the  molec¬ 
ular  fluxes  have  to  be  consistent  with  the  global 
requirement  of  the  accuracy. 

As  well  known,  experimental  investigation  in  the 
field  of  high  temperature  transport  properties  mea¬ 
surements  are  not  available  because  of  technical  dif¬ 
ficulties  of  treatment.  Some  experiments  with  par¬ 
tially  ionised  gases  are  not  justified.  From  the  other 
hand  advanced  theory,  comprehensive  analysis  of 
particle  interactions  and  computer  simulation  may 
be  foundation  for  reliable  transport  properties  much 
more  than  direct  experiments. 

The  main  goal  of  the  report  is  to  investigate  the 
different  approaches  to  transport  coefficients  and 
to  collision  integrals  of  species  which  are  the  coef¬ 
ficients  in  the  rarefied  gasdynamic  flows  equations. 
Models  of  transport  coefficients  bounded  with  the 
molecular  fluxes  are  regarded  both  for  thermo¬ 
chemical  equilibrium  and  nonequilibrium  states. 
Generalisation  of  kinetic  theory  of  rarefied  gas  on 
the  mixtures  of  gases  and  the  Chapmen-Ensckog 
method  with  procedure  of  Sonine’s  polynomial  ex¬ 
pansion  provides  description  of  the  molecular  trans¬ 
port  properties  starting  at  microscopic  level,  effec¬ 
tive  cross  sections  and  collision  integrals  and  as 
result,  to  the  molecular  flux  and  transport  coeffi¬ 
cients. 

The  new  transport  equations  and  coefficients  based 
on  the  Chapmen-Ensckog  method  have  been  de¬ 
rived,  which  are  simpler  in  compare  with  the  or¬ 
dinary  used  of  the  Hirschfelder,  Cirtiss,  Bird  ones. 
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In  particular,  the  number  of  elements  of  matrix  in 
the  ration  of  determinants  (Nxn)  is  reduced  on  the 
N,  where  N  is  the  number  of  particles  in  mixtures 
and  n  is  the  number  of  Sonine  polynomial;  the  labo¬ 
rious  procedure  of  reverse  matrix  transformation  is 
excluded,  and  so  on.  These  advantages  of  the  new 
expressions  make  it  possible  wide  numerical  calcu¬ 
lations  of  all  transport  coefficients  for  various  gas 
mixtures  and  to  work  out  simple  improved  formu¬ 
las  needed  in  practice. 

The  convergence  of  Sonine’s  polynomial  expansions 
for  partially  ionised  mixtures  in  thermal  conduc¬ 
tivity,  viscosity,  diffusion  coefficients  are  examined. 
The  best  level  of  kinetic  theory  simulation  is  com¬ 
pared  with  the  simplified  Devoto  formula,  separat¬ 
ing  the  kinetic  expression  on  two  part:  the  hard 
particles  thermal  conductivity  and  the  electron  one. 
The  errors  of  Devoto  formula  in  the  area  of  the  com¬ 
petitive  contribution  of  hard  particles  and  electron 
part  are  found  for  different  gas  mixtures. 

The  models  of  different  description  levels  for  trans¬ 
port  properties,  viscosity,  thermal  conductivity,  dif¬ 
fusion  [1]  for  multicomponent  partially  dissociated 
and  partially  ionised  gas  mixtures  are  analysed  and 
hierarchy  of  models  and  validation  limits  are  estab¬ 
lished.  The  new  algebraic  formulas  without  deter¬ 
minant  ratio  but  closed  to  high  level  kinetic  theory 
numerical  results  are  derived. 

The  second  problem  is  that  the  reliable  data  of 
transport  properties  depend  on  information  about 
particles  interactions.  In  partially  ionised  gas  ex¬ 
citations  and  exchanges  processes  may  be  impor¬ 
tant.  The  molecules,  atoms,  ions  may  be  occurred 
in  different  exited  states.  One  of  the  most  impor¬ 
tant  process  is  the  resonant  charge  exchanges,  re¬ 
ducing  the  thermal  conductivity  of  chemical  equi¬ 
librium  mixture  of  order.  The  different  approaches 
of  charge  resonant  exchanges  cross  sections  and  cor¬ 
responding  collision  integrals  of  ion  and  identical 
name  atom  are  examined.  Manifestation  of  varying 
in  such  properties  as  viscosity,  thermal  conductiv¬ 
ity,  diffusion  coefficients  owing  to  charge  exchanged 
processes  is  shown  by  computing  partially  ionised 
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mixtures  of  chemical  equilibrium  and  nonequilib¬ 
rium  atmosphere  gases. 

Scattering  process  of  neutral  particles  is  accompa¬ 
nied  by  vibration,  rotation,  electronic  levels  excita¬ 
tion.  The  most  important  one  is  vibration-vibration 
resonant  internal  energy  interchanges.  Kinetic  the¬ 
ory  formalism  for  exited  gas  mixtures  is  not  com¬ 
pleted  for  implementation  of  formal  deductions  be¬ 
cause  of  difficulties  of  collision  integrals  calcula¬ 
tions  for  non-spherical  symmetric  potentials  and 
deficiency  of  required  information.  So  the  inelas¬ 
tic  scattering  processes  may  be  accounted  with  the 
help  of  effective  cross  sections  and  effective  po¬ 
tential  functions,  which  adequately  describe  the 
transport  property  under  real  conditions,  using  the 
kinetic  theory  foundation  for  spherical-symmetric 
molecules. 

Library  of  the  effective  potential  functions  of  atoms, 
molecules,  ions  is  gathered  and  analysed  for  typ¬ 
ical  important  atmosphere  gases  and  its  pollu¬ 
tion.  The  combined  potential  models  with  ’splines’ 
are  derived.  Their  comparison  with  simple  two- 
parameters  potential  models  usually  used  for  trans¬ 
port  properties  calculations  shows  that  simple  mod¬ 
els  hold  within  their  limits  of  temperatures.  So, 
the  Lennard  -  Jones  potential  brings  error  of  30- 
SOcorrespondingly,  if  temperature  increases  over 
2000-3000K.  The  Born-Mayer  potential  brings  er¬ 
rors  of  20-30 

The  data  base  of  effective  potentials,  cross  sections, 
collision  integrals  and  transport  properties  for  mix¬ 
tures  of  neutral  molecules,  atoms,  ions  and  elec¬ 
trons  is  included  into  Computerised  Library  [2]. 
The  information  completeness  of  the  Computerised 
Library  about  transport  properties  and  data  of  po¬ 
tentials,  cross  sections  and  collision  integrals  is  su¬ 
perior  the  well-known  data  bases,  either  over  the 
ranges  of  temperature  and  pressure,  or  over  the  set 
of  mixtures,  and  in  some  cases  by  the  level  of  mod¬ 
elling. 

The  work  was  supported  by  RFBR,  grant  N  97-01- 

00005 
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Low  density  Ireejets  are  found  in  numerous  aerospace 
applications  and  are  predominantly  used  as  thrust 
generators.  Impingement  of  such  jets  on  surfaces  of 
various  shapes  and  orientations  is  consequential  in 
many  such  applications.  Undesirable  forces  /  torques, 
heat  loads  and  contamination  result  on  the  surfaces 
due  to  impingement  of  jets  from  ,for  example,  rocket 
nozzle  or  a  thruster  nozzle.  Evaluation  of  such 
undesirable  effects  is  important  for  the  performance 
estimation  of  many  an  aerospace  vehicles. 
Considering  the  significance  of  the  impingement 
effects,  studies  have  been  reported  earlier  by  various 
research  groups  [1-S].  In  the  present  paper,  results  of 
an  experimental  study  of  impingement  effects  on 
inclined  fiat  plates  subjected  to  low  density  freejets  are 
presented. 

The  experiments  were  conducted  on  the  Rarefied  Gas 
Dynamics  Laboratory  of  Indian  Institute  of 
Technology  Madras  [6].  Studies  undertaken  were  on 
freejets  emnating  from  conical  nozzles  of  Mach 
numbers  2.5,  3.5,  4.5  and  6.2  .The  range  of  Knudsen 
numbers  covered  in  the  experiments  were  from  0.0018 
to  4.22  encompassing  continuum  and  free  molecular 
regimes.  The  pressure  ratios  covered  in  the 
experiments  were  from  100  to  27000  spanning  a 
Reynolds  number  range  from  2  to  2000.  Before  the 
study  of  impingement  effects  was  carried  out,  flow 
field  of  the  freejets  was  studied  using  Sankowich  type 
impact  pressure  probe  mounted  on  externally 
controlled  precision  three  axes  traversing  mechanism 
.  Surface  pressures  on  the  plates  were  measured  using 
calibrated  matched  pairs  of  thermistors  (Fenwal 
Electronics,USA).  All  the  pressure  measurements 
were  done  with  capacitance  type  (MKS  Baralron, 
model  220A  and  220B)  pressure  transducers  of 
appropriate  ranges.For  measurement  of  upstream 
pressures,  analog  pressure  manometer  of  Wallace  and 
Tieman  make  (Model  62A-3P)  was  also  employed. 
Visualisation  of  the  freejet  and  impingement  flow 
fields  was  done  by  glow  discharge  technique. 

Plume  impingement  studies  were  performed  by 
arranging  the  flat  plate  parallel  to  the  plume  axis  at  a 


distance  Zo  from  the  axis.  Plume  studies  were  also 
done  with  the  plate  kept  at  inclination  angles  of  6°, 9° 
andl2°  to  the  axis.  Results  of  plume  studies  in 
underexpanded  jets  show  the  following  trends; 

1.  At  the  lower  Reynolds  numbers,  calculated  values 
of  the  Freezing  Parameter  show  that  the  flow  is 
frozen.  At  higher  Reynolds  numbers,  impact  pressure 
surveys  show  the  presence  of  shocla  which  is 
evidently  not  found  in  frozen  flows.  In  higher 
Reynolds  number  regime  the  axial  impact  pressure 
profiles  fall  rapidly  and  and  at  a  downstream  location 
show  an  upward  trend.  This  upward  trend  shows  the 
location  of  the  shock  as  corroborated  from  the  glow 
discharge  pictures. 

2.  For  the  impingement  studies,  the  plate  was  kept  at 
different  angles.  With  the  plates  in  position,  pressure 
surveys  were  done  in  X,Y  and  Z  directions.  From  the 
pressure  profiles,  the  influence  of  the  plate  on  the 
flowfield  at  various  Knudsen  numbers  was 
understood.  The  asymetry  brought  about  by  the  plate 
and  the  difference  between  the  lower  and  higher 
Reynolds  number  flows  were  discernible. 

3.  From  the  pressure  measurements  on  the  surface  of 
the  plates  and  the  resultant  isobars,  normal  forces 
acting  on  the  plates  were  calculated.The  normal  force 
calculation  was  done  by  sununing  the  products  of 
average  pressure  between  two  isobars  and  the 
corresponding  area.  The  normal  force  which  is  a 
function  of  the  plate  dimensions  was  found  to 
overshoot  the  thrust  levels  of  the  nozzle  used. 

4.  The  glow  discharge  pictures  depicts  the  freejet 
structure  and  the  impingement  shock  system. 

Detailed  results  will  be  presented  in  the  final  paper. 
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Aerospace  missions  involve  design  and  deployment  of  vehicles  that  encounter 
continuum  atmosphere,  transitional  and  the  free  molecular  regimes  during  their  flight  path. 
The  physics  of  flight  in  the  free-molecular  and  in  the  continuum  regimes  has  been 
reasonably  well  understood,  whereas  that  in  the  transitional  zone  is  still  subjected  to 
considerable  study  and  research.  One  of  the  aspects  of  flight  in  the  transitional  zone  that 
remains  to  be  understood  is  the  heat  transfer  to  the  bodies  flying  at  high  speeds.  The 
aerodynamic  heating  is  proportional  to  the  density  of  the  operating  environment.  Hence  at 
lower  altitudes  the  aerodynamic  heating  is  extremely  high  and  the  payload  (say,  satellite  in 
the  case  of  a  satellite  launch  vehicle)  that  is  being  carried  can  therefore  be  subjected  to 
very  high  thermal  loads.  Therefore,  a  thermal  protection  shielding  is  provided  for 
safeguarding  the  payload.  The  thermal  protection  shielding  must  be  sufficient  to  withstand 
the  aero-thermodynamic  loads  imposed  upon  it.  As  the  density  falls  rapidly  with  altitude, 
aerodynamic  heating  also  reduces.  At  some  point  in  flight,  an  altitude  is  reached  where  the 
aerodynanuc  heating  is  low  enough  that  the  satellite  does  not  need  any  thermal  protection. 
When  such  an  altitude  is  reached,  the  heat  shield  is  jettisoned.  Due  to  scarcity  of  heat 
transfer  data  under  low  density  transitional  regime,  the  criterion  for  the  jettisoning  of  the 
heat  shield  is  conservative.  It  may  be  possible  that  heat  shield  could  be  jettisoned  at  a 
lower  altitude,  if  the  heat  transfer  rates  at  that  altitude  are  not  high  enough  to  cause  any 
kind  of  damage  to  the  satellite.  If  that  is  accomplished,  corresponding  increase  in  the 
payload  could  be  achieved. 

A  detailed  experimental  investigation  of  heat  transfer  to  a  bluff  body  under  low 
density  hypersonic  conditions  has  been  carried  out.  The  Rarefied  Gas  Dynamics  Facility  of 
Indian  Institute  of  Technology  Madras  with  a  stagnation  heating  arrangement  was  used  for 
the  purpose.  Details  of  this  facility,  having  a  vacuum  capability  down  to  10-5  jorr  are  in 
Ref  [1-2].  The  desired  flow  field  was  obtained  by  a  conical  nozzle  of  area  ratio  190.  The 
nozzle  flow  field  has  been  calibrated  for  various  pressure  ratios  across  the  nozzle  using  a 
Sankowich  type  impact  pressure  probe  [3]  mounted  oi>  a  three  axes  traverse  mechanism 
which  requires  no  viscous  corrections  on  its  readings.The  probe  was  connected  to  a 
capacitance  type  pressure  transducer.  (MKS  Baratron  make.  Type  390) 
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Experiments  were  performed  with  a  flat  faced  cylinder  and  a  cylinder  with  a 
hemispherical  head,  both  10  mm  in  diameter.  The  heat  transfer  rates  were  measured  using 
platinum  resistance  gauges,  etched  on  the  model  surface.  Experiments  were  conducted  for 
the  stagnation  temperatures  ranging  from  500  to  lOOOK  in  the  free  stream  Mach  number 
range  from  4.35  to  7.66  Experiments  were  performed  in  Knudsen  number  ranges 
spanning  continuum,  transition  and  free  molecular  regimes. 

The  heat  transfer  data  has  been  calculated  in  terms  of  heat  flux, 
dimensional  heat  transfer  coefficient  and  Stanton  number.  The  dependence  of  the  recovery 
factor  on  the  speed  ratio  has  been  demonstrated  .  A  comparison  of  the  results  from  the 
completed  experiments  which  are  representative  of  the  three  low  density  flow  regimes 
with  the  scarcely  available  earlier  studies  shows  comparable  trends.  The  features  of  low 
density  transition  flow  were  observed.  Glow  discharge  visualization  of  the  flow  field  in  the 
presence  of  the  model  gave  a  better  insight  into  the  related  fluid  dynamics.  Glow  discharge 
images  confirmed  the  flow  to  be  more  rarefied  than  that  indicated  by  the  free  stream 
Knudsen  numbers  Bridging  relations  for  predicting  the  heat  transfer  in  the  transition 
regime  based  on  the  values  in  the  continuum  and  free  molecular  regimes  will  be  obtained 
on  completion  of  the  full  range  of  experiments. 
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1  Introduction 

Three-dimensional  hypersonic  rarefied  flow 
around  an  obstacle  is  one  of  the  most  important 
problems  in  connection  with  flow  separation  for 
flight  control  of  reentry  vehicles.  For  reentry,  three 
main  types  of  flows  are  encountered  :  free  molecu¬ 
lar,  transitional  and  continuum.  In  the  past,  many 
investigations  have  been  performed  in  connection 
with  shock  wave-boundary  layer  interaction  from 
continuum  flow  [1],  Delery  and  Coet[2]  made  an 
experimental  study  on  2D  and  3D  wedge  at  high 
Reynolds  numbers  and  pointed  out  that  there  ap¬ 
pears  a  sudden  change  in  heat  transfer  near  the 
separation  point.  Rarefaction  effect  was  studied  by 
Chun[3]  and  Chun  et.  al[4]  experimentally  and  the¬ 
oretically.  But  the  results  are  qualitative  and  the 
flows  are  not  fully  three-dimensional,  that  is,  a  flat 
plate  flow  followed  by  a  wedge.  The  present  author 
made  a  3D  flow  simulation  on  a  swept  wedge[5]. 

In  thist  paper,  a  fully  3D  flow  is  modeled  by  a 
double  cone.  Effect  of  cone  angle  on  the  flow  char¬ 
acteristics  is  investigated  by  use  of  the  Monte  Carlo 
direct  simulation  method[6].  To  clarify  the  three- 
dimensional  interaction,  a  comparison  is  made  of 
the  distributions  on  the  wall  as  well  as  the  flow  char¬ 
acteristics  near  the  compression  corner. 

2  Numerical  Simulation 

Figure  1  shows  the  body  configuration.  The 
length  of  the  whole  cone  is  I  and  that  of  the  forward 
cone  is  t\  =  0.85f.  The  Knudsen  number  is  defined 
by  An  =  Aoo/f,  where  Aoo  is  the  mean  free  path 
in  the  freestream.  The  flow  is  simulated  by  use  of 
the  Monte  Carlo  direct  simulation  method.  Molecu¬ 
lar  model  is  Maxwell  molecule  with  the  internal  de¬ 
gree  of  rotation  and  the  variable  hard  sphere  (VHS) 
model  is  adopted  to  simplify  the  scattering  law. 
Collision  is  assumed  to  be  fully  inelastic  and  is  sim- 
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ulated  by  the  phenomenological  Larsen-Borgnakke 
model. 

3  Results  and  Discussion 

Practical  calculation  was  performed  for  the 
freestream  Mach  number  of  A/qo  =  10,  the  Knud¬ 
sen  number  of  Kn  =  0.01  and  the  wall  to  freestream 
temperature  ratio  of  Tu,  /Too  =  6.  The  forward  cone 
half  angle  is  /?  =  10®,  20®  and  30®  with  the  second 
one  er  =  45®  fixed. 

Figure  2  compares  the  wall  pressure  distribu¬ 
tions  (cp  =  2(p-poo)/Pooi^^)  for  three  cone  angles. 
For  larger  angles  of  /9,  sudden  increase  and  decrease 
near  leading  edge  is  followed  by  a  little  bit  oscillat¬ 
ing  pressure  distribution.  For  /?  =  10®,  on  the  other 
hand,  pressure  rise  is  small.  As  the  connecting  re¬ 
gion  is  approached,  pressure  gradually  increases  as 
is  expected  from  continuum  flow. 


Figure  1:  Body  configuration 

Next,  we  consider  the  heat  transfer  to  the  wall. 
Figure  3  shows  the  distributions  (c/,  =  2q/pooU^,  [j 
is  heat  flux  to  the  wall]).  We  can  see  a  large  change 
near  leading  edge  for  larger  cone  angles  just  like 
the  pressure  distributions.  After  this  initial  change, 
the  distribution  decreases  and  increases  gradually 
as  the  connecting  region  is  approached. 

Figure  4  shows  the  skin-friction  (c/  = 

^Tyi/PooU^)-  For  all  cone  angles,  the  distributions 
near  the  leading  edge  have  the  same  tendency  as 
those  of  the  pressure  and  heat  transfer.  Toward 
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Figure  2:  Pressure  distributions 

the  downstream  region,  they  decrease  gradually  and 
take  the  minimum  near  the  connecting  region.  The 
minimum  value  is  the  smallest  for  ^  =  10®  but  is 
positive.  That  is,  separation  does  not  occur. 

In  these  flows,  the  equivalent  wedge  angle 
for  the  double  cone  is  considered  to  be  tr  —  In 
2D  compression  corner  flow,  the  incipient  separa¬ 
tion  angle  0,  is  expressed  by  0,  =  80  >7^,  where 
V  =  Moo  y/CIRe  is  the  hypersonic  interaction  pa¬ 
rameter.  This  suggests  that  the  three  dimensional 
separation  might  occur  for  smaller  Mach  number 
and  cone  angle  0  when  the  parameters  A'n  =  0.01 
and  (T  =  45®  are  fixed  [7]. 


Figure  3:  Heat  transfer  distributions 


Figure  4:  Skin  friction  distributions 
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Numerical  Simulation  of  Interaction  between  Shock  Waves  and 
Boundary  Layer  in  Hypersonic  Rarefied  Flow  * 
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1  Introduction 

Interaction  between  shock  waves  and  boundary  layer  over  a  flat  plate  with  and  without  com¬ 
pression  corner  in  hypersonic  rarefied  flow  has  been  studied  by  many  researchers  with  respect 
to  the  nonequilibrium  characteristics  around  space  vehicles.  In  rarefied  regime,  mean  free  pass 
of  molecular  is  so  large  that  nonequilibrium  between  translational  and  rotational  temperature 
appears  near  the  leading  edge  and  compression  comer  of  the  plate.  Therefore,  the  interaction 
between  them  in  rarefied  regime  needs  to  be  researched  in  detail. 

In  numerical  simulation  of  the  interaction  between  them  in  rarefied  regime,  DSMC(Direct 
Simulation  of  Monte  Carlo)  is  N-alid  due  to  the  treatment  of  particles  directlyl^’  Matsumoto 
and  Tokumasu  have  constructed  the  model  which  is  able  to  capture  the  nonequilibrium  char¬ 
acteristics  in  rarefied  flowl^l.  The  model(Dynamic  Molecular  Collision{DMC)  model)  is  based 
on  the  cross  sections  and  energy  distributions  obtained  by  Molecular  Dynamics  for  diatomic 
molecules.  This  research  is  to  conduct  the  numerical  simulation  over  the  plate  in  hypersonic 
rarefied  flow  using  the  DSMC  with  the  DMC  model  and  to  obtain  knowledge  on  the  nonequi¬ 
librium  characteristics. 

2  Numerical  Method 

The  DMC  model  of  diatomic  molecules  is  based  on  the  cross  sections  and  energy  distribu¬ 
tions  after  molecular  collisions  which  are  obtained  by  the  MD  simulation.  The  procedure  of  the 
DMC  model  is  related  as  follows.  Two-body  collision  of  diatomic  molecules  with  various  trans¬ 
lational/rotational  energy  are  conducted  using  the  MD  simulation.  Then,  probability  density 
functions  which  represent  energy  distributions  after  collisions  and  collision  cross  sections  are 
constructed,  and  the  data  tables  of  those  are  established.  Furthermore,  in  the  DSMC  simula¬ 
tion,  energy  distributions  after  collisions  in  each  cell  are  calculated  from  those  before  collisions 
using  the  data  tables.  The  detail  of  the  procedure  is  shown  in  reference  3.  The  null-collision 
techniquel^)  is  adopted  in  collision-frequency  technique,  and  the  diffuse  reflection  is  imposed  on 
the  wall  boundary.  The  Navier-Stokes  calculation  using  the  second-order  modified  Harten-Yee 
TVD  methodl^J  is  conducted  to  compare  with  the  DSMC  calculation. 

3  Results 

Inflow  conditions  are  as  follows:  M„  =  20.2,  Rcoo  *=  566(based  on  a  half  length  of  the  plate), 

Krico  =  0.047,  Tumii  =  ZOOif,  To  =  1,  lOOAT  1®’  In  DSMC  simulation,  the  plate  has  a  angle  of 
the  leading  edge  of  30  degrees. 

Figure  1  shows  the  computed  gas  density  contours  over  the  plate  in  the  DSMC  and  NS  results. 

The  results  between  the  DSMC  and  NS  simulations  is  quite  different  with  respect  to  the  width 
of  shock  wave.  Figure  2  shows  the  density  profiles  over  the  plate  at  X/L  =  1.5(L  means  a  half 
length  of  the  plate).  The  NS  results  have  disagreement  with  the  experimental  results,  but  the 
DSMC  results  have  agreement  with  those.  Furthermore,  it  is  shown  that  the  leading  edge  effect 
in  the  DSMC  results  is  large  with  respect  to  the  location  of  the  maximum  density.  Figures  3 
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and  4  show  the  heat  transfer  rate  and  temperature  profiles  on  the  plate.  It  is  shown  that  the 
DSMC  results  have  agreement  with  the  experimental  results  and  that  the  effects  of  the  leading 
edge  on  the  heat  transfer  rate  and  wall  temperature  are  as  large  as  those  on  the  density  profiles. 
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Fig.  1  Density  contours  over  the  flat  plate 
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On  Self-Excited  Oscillations 
in  Supersonic  Rarefied  Impact  Jets  * 
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1  Introduction 

This  paper  is  devoted  to  experimental  investigation 
of  influence  of  ambient  atmosphere  rarefaction  on 
supersonic  impact  jets  (under-expanded  Jets  inter¬ 
acting  with  normal  limited  flat  obstacles) . 

2  Experimental  apparatus  and 
procedures 

Experiments  were  carried  out  on  the  vacuum  test 
bench  GURS-1  that  contains  vacuum  chamber  of  10 
m^  ,  two  vacuum  pumps  BN-6,  booster-pump  BN- 
15000.  The  chamber  contains  remotely  operated 
device  that  carries  an  obstacle.  A  cylinder  with  flat 
butt-end  (diameter  dob  =  16  mm)  with  the  IS-2156 
detector  of  pressure  in  the  center  was  used  as  the 
obstacle. 

Jets  were  produced  by  Laval’s  nozzle  (geometrical 
Mach  number  Ma  =  2,  critical  diameter  d.  =  4 
mm,  half-clearance  angle  15°).  Stagnation  pressure 
po  and  static  pressure  p  were  measured  both  in  re¬ 
ceiver  and  at  the  obstacle,  along  with  pressure  in 
the  vacuum  chamber  poo,  and  pulsations  of  pres¬ 
sure  on  the  obstacle. 

Variation  of  critical  Reynolds  number  Re,  = 
{gUd/fi),  was  being  implemented  by  variation  of 
Po,  while  constant  poo  was  ensured  by  air  supplies 
through  the  vacuum-pumps  with  constant  flow  rate. 

Pressure  p^o  was  being  gauged  by  DMI  sensor  in 
reference  to  some  basic  pressure  pb-  The  constant 
value  of  Pb  =  10  Pa  in  one  of  the  gauge’s  pockets  was 
maintained  by  vacuum-pump  NBZ-20  and  was  be¬ 
ing  measured  by  PMT-2  thermo-pair  and  vacuum- 
meter  VT-2,  the  later  was  calibrated  by  Mc-Leod 
manometer. 

The  equipment  and  data  evaluation  methods  de¬ 
scribed  in  [1]  were  used  for  data  retrieval  of  ampli- 
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tude  and  frequency  response  of  self-sustained  oscil¬ 
lations. 

The  research  was  carried  out  with  following  pa¬ 
rameters  ranges:  To  =  293  K;  7  =  1.4;  po  = 
(0.86  -  6.5)  •  10^  Pa;  n  =  pjp^,  =  2  -  13.5; 
Re.  =  (0.59  -  3.84)  •  10^;  Re^  =  Re,(po/poo)"°  ®  = 
114  —  371;  distance  from  the  nozzle  exit  section  to 
the  obstacle  /i  =  //ro  =  2  —  30.  Vacuum  rate  es¬ 
timation  revealed  that  Knudsen  number  variation 
(0.67  -  5.1)  •  10“®  is  such  that  the  flow  near  the  ob¬ 
stacle  is  continuous,  while  viscosity  and  rarefaction 
effects  took  place  in  the  boundary  layer. 

3  Experimental  results  and 
discussion 

Two  types  of  flow  over  the  obstacle  were  determined 
for  rarefied  impact  jets:  one  occurs  in  case  both 
first  (1)  and  second  (2)  regimes  of  self-excited  os¬ 
cillations  take  place  simultaneously;  another  hap¬ 
pens  when  only  (1)  mode  exists  as  in  case  of  dense 
jets.  Realization  of  one  of  these  flow  types  de¬ 
pends  on  combination  of  parameters:  Ma,H  = 
A/[daMo(7n)‘’  ®]  and  Re/,. 

Thus  the  first  regime  is  marked  by  multiple  discrete 
components  presence  in  the  frequency  spectrum, 
powerful  oscillations  of  shock-wave  picture  (SWP) 
and  of  pressure  at  the  obstacle.  Oscillations  have 
clearly  defined  regular  structure.  Sections  of  in¬ 
creasing  of  integral  level  of  pressure  pulsations 
at  the  obstacle  have  clearly  defined  borders.  The 
end  of  the  second  (2)  regime  is  always  matched  by 
appearance  of  the  first  non-disturbed  "cell”.  This 
fact  has  been  proved  by  both  pressure  measurement 
results  and  the  SWP  visualization. 

The  second  regime  has  significantly  lower  AL°  level 
and  shorter  H  range  {H  range  was  3  times  shorter 
than  for  the  first  (1)  mode).  The  second  regime  is 
meurked  by  single  discrete  component  of  frequency 
spectrum  and  by  moderate  pulsations  level  at  the 
obstacle.  This  regime  is  sensitive  to  variation  of 
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rarefaction  parameter  Re/,.  Under  the  experiments 
conditions  the  end  of  the  (2)  regime  always  comes 
before  the  radial  spreading  of  the  flow  with  non- 
disturbed  first  "cell”  takes  place.  Because  of  hys¬ 
teresis  of  average  pressure  at  the  obstacle,  the  start 
of  unsteady  regime  coincides  with  the  "destruction” 
moment  of  the  flow  with  the  non-disturbed  first 
"cell”. 

Arising  of  the  single  self-excited  oscillations  regime 
takes  place  at  such  n  values,  when  the  central  shock 
wave  (CSW)  diameter  is  essentially  smaller  than  ob¬ 
stacle  diameter,  or  when  they  are  roughly  equiva¬ 
lent  but  Re/,  value  is  small  enough  to  influence  the 
second  regime  ("gobbles  it  up”):  (n  =  6.6; Re/,  = 
147):  (4.8;  172);  (3.5;  189);  (3.3;  189);  (2.6;  163). 

Arising  of  self-excited  oscillations  in  both  flow 
regimes  may  be  coupled  by  both  relatively  smooth 
AL°  level  increase  and  by  a  sudden  change  of  it. 
The  transfer  from  the  second  regime  to  the  flow 
with  the  non-disturbed  first  "cell”  takes  place  with 
abrupt  changes. 

Increasing  of  H  inside  boundaries  of  existence  of 
each  regime  brings  to  the  monotonous  decrease  of 
basic  pulse  frequency  fr  at  the  obstacle,  but  when 
the  transfer  from  the  first  to  the  second  regime  takes 
place,  it  brings  to  the  sudden  change  of  the  fr-  The 
"saw”-like  changes  of  fr  parameter  correspond  to 
fr  behavior  in  dense  under-expanded  jets  [2]. 

Experiments  showed  that  for  the  fixed  initial  pa¬ 
rameters  Mo,7,n  and  Re/  of  rarefied  impact  jets 
the  hysteresis  in  AL°  level  (in  contrast  to  the  pres¬ 
sure  at  the  obstacle)  does  not  exist  for  any  type  of 
obstacle  flow  [3]. 

Rarefaction  influence  on  self-excited  oscillations  is 
found  as  follows:  at  high  values  of  Re/,  boundaries 
of  existence  of  self-excited  oscillations  are  indepen¬ 
dent  of  Re/  and  may  be  determined  by  the  same 
complexes  as  in  [2]. 

The  decrease  of  Re/  <  371  (rarefaction  increase) 
might  bring  to  vanishing  of  the  second  regime  and 
after  that  of  the  first  regimes.  This  fact  is  associ¬ 
ated  with  both  transfer  to  X-like  structure  of  shock 
waves  and  with  the  "wash-out”  of  first  jet  "cell”  [4]. 

Decreasing  density  in  a  free  ambient  jet  with  Mo  = 
2  (in  contrast  to  Mo  =  1)  and  n=const  leads  to  de¬ 
creasing  of  Mach-disk  diameter,  moving  it  farther 
from  the  nozzle  and  finally  to  organization  of  regu¬ 
lar  shock- wave  structure  [4]. 

When  Re/  becomes  Re/  <  172  (n  =  6.6  —  2.6), 
then  the  only  self-excited  oscillations  regime  exists 
—  the  first  one,  while  for  Re/  <  121  no  self-exited 


oscillations  have  been  found.  Vanishing  of  the  sec¬ 
ond  regime  is  caused  by  decrease  of  impact  layer 
thickness  during  the  transfer  to  regular  shock-wave 
structure. 

Frequency  characteristics  of  self-excited  oscillations 
fr  in  both  regimes  were  summarized  by  all-purpose 
empirical  function  : 

Sh7*  =  ao/{frd,n°  ^)  =  AiA/(d,n°  ^)  -h  5., 

where  Ai  =  4.3;  Bi  =  1.2  —  1-st  regime;  A2  = 

1.3;  82  =  1.4  —  2-nd  regime;  oq  —  sound  velocity; 
A  —  distance  of  CSW  from  the  obstacle  (average 
value  of  distance  of  A  was  taken  from  [5]). 
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The  Peculiarities  of  Rarefied  Separated  Flow 
on  a  Flat  Plate  with  Barrier  * 

A. I.  Erofeev,  V.N.  Gusev,  V.P.  Provotorov 
Central  Aerohydrodynamic  Institute  (TsAGI) 

1,  Zhukovsky  str.,  140160  Zhukovsky,  Russia 


The  separated  laminar  flows  on  a  flat  plate  with 
barrier  is  well  investigated  at  large  Reynolds  num¬ 
bers.  With  a  decreasing  of  a  Reynolds  number  the 
flow  in  separation  region  will  vary  as  a  result  of 
increasing  of  a  boundary  layer  thickness  and  struc¬ 
ture  of  a  shock  induced  by  the  barrier.  The  given 
work  studies  of  peculiarities  of  the  separation  flows 
at  small  Reynolds  numbers. 

The  hypersonic  rarefied  flows  about  the  flat  plate 
of  lehgth  L  with  the  flat  barrier  of  height  H  was 
studied  by  the  DSMC  method  at  Reynolds  number 
Re^o  — Poo Uoo L//I00  ^l.STO^.  Here  poai  Uooi  Poo 
-  density,  velocity  and  viscous  coefficient  of  undis¬ 
turbed  flow.  The  data  describing  the  flow  perculiar- 
ities  in  preseparated  and  separated  zones  are  ob¬ 
tained  as  function  of  the  Mach  number  Moo=  10 
and  23,  the  temperature  factor  values  tu,  =  Tu,/To 
=  0.05-rl  (Tu/  -  wall  temperature,  Tq  -  stagnation 
temperature),  ratio  h*=  H/L  =  0.08,  0.16  and  0.24 
and  a  specific  heat  ratio  7. 

It  was  shown,  that  at  h*>0.16  and  Reoo  >10^  the 
distribution  of  pressure  coefficient  Cp  =  2P  /poo^lo 
on  a  plate  surface,  as  well  as  in  case  of  a  continuous 
flow,  have  characteristic  isobaric  area  with  explic¬ 
itly  expressed  plateau  of  pressure,  i.e.  the  developed 
separation  takes  place.  At  smaller  Reynolds  num¬ 
bers,  namely  up  to  Ret»  wO.25  10^,  the  area  of  back 
current  is  still  present,  though  there  is  no  plateau 
in  pressure  profile  (Fig.l,  Moo=  23  ,  Reoo  =  10^,  tu, 
=  0.081,  7  =5/3).  In  Fig.l  marker  ’’blank  circle” 
and  the  inscription  ’’Flat  Plate”  shows  result  for  a 
flat  plate  without  barrier.  The  effect  of  increasing 
of  a  heat  flux  to  a  surface  in  preseparated  zone, 
where  maximum  value  position  is  near  to  a  sepa¬ 
ration  point  up  on  a  stream,  turned  out  to  differ 
essentially  from  data,  available  in  the  literature  for 
large  numbers  Reoo  (R^oo  >10®).  This  effect  is  il¬ 
lustrated  in  Fig.2,  where  the  distribution  of  a  heat 
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tax/lMM 


Figure  1:  Pressure  distribution  on  plate 


flux  coefficient  Ch  =  2Q  /pooU^  (Moo=  23  , 
Reoo  =  10^,  tu,  =  0.081,  7  =5/3,  h*=  0.16  )  at  differ¬ 
ent  numbers  Reo©  is  given.  As  follows  from  Fig.2, 
with  the  Reynolds  number  increasing  the  magni¬ 
tude  of  a  maxima  of  a  heat  flux  decreases. 


Figure  2:  Heat  flux  distribution  on  plate 
It  is  known,  that  for  a  solution  of  the  boundary 
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layer  equations  for  viscous  interaction  regime  the 
group  transformation  (see,  for  example,  [1])  is  ap¬ 
plied  which  at  the  same  time  determines  the  similar¬ 
ity  criteria.  As  it  appeared,  that  criteria,  defined  for 
a  continuous  condition,  remain  correct  in  rarefied 
gas  flow  practically  down  to  numbers  Reoo=10®,  as 
it  takes  place  at  a  flow  about  unconcave  bodies  [2], 
As  an  example. 


Figure  3:  Dimensionless  pressure  distribution  on 
plate 

Fig. 3  shows  the  dependence  Cp/Cppl  against  X/Xs, 
where  Cppl  -  pressure  coefficient  for  a  flat  plate 
without  a  barrier,  and  Xs-coordinate  of  a  separa¬ 
tion  point.  It  can  be  seen  that  such  functional  de¬ 
pendence  permit  to  correlate  data  in  preseparation 
zone  at  various  Reynolds  numbers  The  similar  de¬ 
pendences  take  place  for  friction  and  heat  flux. 
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Influence  of  Vibrational  Excitation  of  Molecules  on  Kinetic 
Processes  During  Modeling  of  Supersonic  Combustion  in 
Hypersonic  Wind  Tunnel  With  MHD  Accelerator  * 

V.I.  Alfyorov,  L.M.  Dmitriev,  B.V.  Egorov,  V.A.  Mokhov,  Yu.E.  Markachev 

TsAGI,  Zhukovski,  Russia 


Study  [1]  has  shown  that  only  wind  tunnels  with 
MHD  accelerators  can  recreate  conditions  in  com¬ 
bustor  of  scramjet  in  SSTO  vehicle  moving  with 
speed  of  M>10.  Special  attention  in  [1]  was  directed 
on  influence  of  seed  on  kinetic  processes  during  hy¬ 
drogen  combustion  in  partially  dissociated  air  with 
atomic  oxygen,  nitrogen  oxide,  etc. 

Present  study  analyzes  influence  of  vibrational  ex¬ 
citation  of  molecular  hydrogen  on  ignition  time  of 
mixture  at  entry  into  combustor  of  scramjet,  and 
composition  of  combustion  products.  Special  at¬ 
tention  is  directed  on  level  of  components  critical 
to  ecological  consequences  of  flights  of  SSTO  vehicle 
with  scramjet  and  their  dependence  on  vibrational 
excitation  of  molecular  hydrogen. 

Presented  data  reflect  work  of  wind  tunnel  with 
MHD  accelerator  in  wide  range  of  initial  conditions 
in  precombustion  chamber  of  engine  and  its  elec¬ 
tromagnetic  parameters  (Pq  =  2... 200  atm.  To  = 
3000  . .  .5000  K,  QNa  =  0.25  . .  .2  %,  B  =  2.4 . .  .7  T, 
j  =  20 . .  .200A/cm^,  0  =  0...  1.5  deg,  where  Po,To 
-  pressure  and  temperature  of  deceleration  in  pre¬ 
combustor  of  engine,  QNa  “  mole  fraction  of  seed  in 
form  of  Na,  B,j  -  induction  and  current  density  in 
accelerator,  0  -  opening  angle  of  accelerator. 

In  process  model  used  during  simulation  of  vibra¬ 
tional  and  chemically  nonequilibrium  flow  inside 
MHD  accelerator  channel,  electron  energy  was  not 
only  transferred  to  vibrational  degrees  of  freedom  of 
gas,  but  also  excited  resonance  conditions  of  atoms 
of  seed  alkalic  metals  that  were  used  to  create  gas 
conductivity.  Subsequently  electron  excitation  en¬ 
ergy  of  seed  had  transferred  to  translatory  degrees 
of  freedom  of  gas  during  collisions  with  molecules 
of  nitrogen  N2.  Besides,  fast  VT  relaxation  of  N2 
Wcis  taken  into  account  via  resonance  conditions  of 
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seed  atoms,  which  turned  out  to  be  essential  along 
all  length  of  MHD  aiccelerator  channel. 

Dependencies  of  speed  constants  on  vibrational 
temperatures  for  reactions  in  high-temperature  air 
were  taken  into  account  for  determination  of  chemi¬ 
cal  composition  of  gas  in  MHD  accelerator  channel. 

Kinetic  scheme  of  combustion  of  molecular  hydro¬ 
gen  H2  in  air  contained  43  equations  for  15  compo¬ 
nents  (H2,  O2,  N2,  NO,  NO2,  HNO2,  HNO,  HNO3, 
H,  OH,  HO2,  H2O2,  H2O,  O3).  Besides  this,  re¬ 
actions  of  combustion  products  with  seed  atoms 
of  form  Na,  leading  to  formation  of  NaOH,  Na02, 
NaO,  were  considered. 

As  performed  calculations  have  shown,  amount  of 
vibrational  excitation  has  most  influence  on  compo¬ 
sition  of  combustion  products  and  induction  time  of 
hydrogen  in  air.  Reaction: 

HzO) -I- OH  ^  H2O -1- H  (1) 

Speed  constant  of  (1)  in  forward  direction, 
K(T, Thj)  heavily  depends  on  vibrational  excita¬ 
tion  of  H2  [2].  Vibrational  relaxation  of  H2  in  com¬ 
bustor  is  determined  by  VV’  processes  with  hydroxil 
OH  molecules,  which  appear  in  mixture  during  ini¬ 
tial  phase  of  combustion.  Amount  of  hydroxil  OH 
in  flux  itself  depends  on  level  of  vibrational  excita¬ 
tion  of  molecular  hydrogen  H2. 

Large  values  of  vibrational  excitation  of  H2  cause 
speed  of  reaction  (1)  in  forward  direction  to  in¬ 
crease  and  mole  fraction  of  OH  in  mixture  to  rapidly 
decrease.  Low  amount  of  OH,  causes  decrease  of 
amount  of  HNO3  and  H2SO4  in  combustion  prod¬ 
ucts,  which  is  an  important  issue  for  aerosol  forma¬ 
tion  in  SSTO  near  wake  [3,  4]. 

Low  values  of  vibrational  excitation  of  H2  shift  re¬ 
action  (1)  to  the  left  side,  which  leads  to  increase  in 
amount  of  OH  in  combustion  products,  and  also  has 
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significant  influence  on  ignition  time  of  hydrogen  in 
air  [3]. 
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Aerodynamical  Hysteresis  at  Hypersonic  Viscous  Flow  Around 
SOYUZ  Landing  Vehicle.  Flight  Data  * 

A.G.  Reshetin 
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The  Hysteresis  of  main  aerodynamical  coefficients 
of  longitudinal  C^(a)  and  normal  Cj\f(a)  forces  and 
moment  Cm  (a)  were  founded  in  wide  range  of  a=- 
110®-H+18®  at  flight  tests  of  SOYUZ  lander  dur¬ 
ing  reentry  in  viscous  interaction  mode  (altitude 
H=82-h86  km,  M  ~28).  This  phenomenon,  well 
known  in  aerodynamics,  for  the  first  time  was  de¬ 
termined  at  special  test  flights  of  two  landers  hav¬ 
ing  special  purpose  of  aerodynamical  characteristics 
estimation.  Before  and  later  at  wind  tunnel  tests 
with  fixed  angles  of  attack  we  have  not  seen  this  ef¬ 
fect.  Unfortunately,  we  also  no  not  know  methods 
of  calculation,  that  can  indicate  such  phenomena. 
Nevertheless,  the  obtained  information  validity  was 
thoroughly  tested  and  is  beyond  any  doubt. 

The  scheme  of  experiment  follows.  Lander,  using 
jets  system,  was  oriented  at  large  angle  of  attack 
Q  «  —110°.  After  that,  control  system  was  turned 
out  and  vehicle  performed  free  occilations  with 
damping  amplitude  during  30  seconds.  Using  move¬ 
ment  parameters  measurements  the  main  aerody¬ 
namical  coefficients  Cyi(o),  CAr(a), Cm(a)  were  de¬ 
termined.  The  significant  deviation  of  these  coef¬ 
ficients  values  at  Q  =  Const  and  at  angle  of  at¬ 
tack  increasing  and  diminishing  was  obtained.  In 
range  a  =  0  -i — 90°  this  deviation  is  for  coeffi¬ 
cient  Ca[oi)  about  20%  and  for  coefficient  C;v(o) 
about  17%  of  their  maximum  values  at  o  =  0°  and 
Q  =  —90°  correspondingly.  The  distinctive  fea¬ 
ture  is  that  absolute  differences  in  Cx(o;)  and  in 
C/v(o)  practically  doesn’t  depend  on  angle  of  atack 
in  range  q  =  0  -= — 90°  at  landing  vehicle  angular 
rates  =  0.5°  -f-  20° /sec . 

Significant  difference  weis  observed  in  lift  to  drag 
ratio  V(a)—CL{ot)/CD{a)  ■  kmax  values  for  case  of 
growing  angles  of  attack  is  threefold  greater  than 
values  for  diminishing  q. 
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Maximum  differences  in  coefficient  of  moment 
GmCtt)  is  observed  at  angles  of  attack  range  o  = 
—35  -T-  —110°.  In  case  of  angle  of  attack  decreasing 
at  occilations  relatively  mass  center  Cm  (a)  values 
(at  a  =  Const)  are  significantly  greater  than  in 
case  of  increasing  a.  At  lesser  angle  of  attack  values 
a  =  —35  -r  0°  the  hysteresis  is  insignificant. 

At  landing  vehicle  flight  in  more  dense  atmosphere 
H=66-h60  km  ,  M=23-;-22,  values  of  coefficients 
C’^(o),  C/v(a),  Cm(o)  practically  do  not  depend  on 
sign  of  a  time  derivative  in  range  of  a  =  -45-= — 10°. 
Hysteresis  is  practically  absent. 

Flight  test  results  allowed  to  refine  aerodynami¬ 
cal  characteristics  (including  moment  ones) ,  update 
landing  vehicle  balancing  and  to  increase  payload 
weight  more  than  100  kg. 


283 


Aerospace  Applications  -  AA  P 


Expansion  of  Supersonic  Gas  Flow  around  a  Corner  * 

E.M.  Shakhov,  V.A.  Titarev 
Moscow  State  Technical  University,  Moscow,  Russia 


The  paper  is  devoted  to  numerical  analysis  of  two- 
dimensional  steady  supersonic  rarefied  gas  flow 
of  type  Prandtl-Meyer  expansion  around  a  cor¬ 
ner  between  two  half-planes.  The  flow  is  studied 
within  the  framework  of  the  kinetic  model  equa¬ 
tion  by  finite  differense  method.  Undisturbed  uni¬ 
form  stream  of  monoatomic  rarefied  gas  flows  along 
half-plane  j/  =  0,i  <  0  under  boundary  condition 
of  specular  reflection  of  molecules.  At  the  origin 
of  cartesian  co-ordinate  systen  the  angle  point  of 
the  bounding  surface  is  located.  Downstream  of 
the  angle  point,  at  the  half-plane  y  =  xigtp,z  > 
0  specular-diffuse  boundary  condition  for  surface- 
moleculae  interaction  is  assigned.  Main  attention  is 
payid  to  the  limiting  cases;  1)  speculiar  reflection  of 
oncoming  molecules  and  2)  absolute  absorbtion  of 
oncoming  molecules  with  no  reflection  from  the  sur¬ 
face.  In  the  first  case  effect  of  rarefaction  induced 
by  deflection  of  the  flow  near  the  angle  point  is  only 
studied.  In  the  second  case  the  effect  of  absorbing 
surface  (modeling  cryogenic  panel)  is  investigated 
in  addition.  The  numerical  solution  is  performed 
for  different  values  of  the  deflection  angle  tp.  Char¬ 
acteristic  Mach  number  M=3.  Special  attention  is 
paid  to  the  flow  under  deflection  angle  ^max  cor¬ 
responding  to  the  maximum  angle  in  gasdynamical 
Prandtl-Meyer  expansion  into  vacuum.  For  this  an¬ 
gle  In  continuum  regime  mass  flow  to  the  absorbing 
plane  is  equal  to  zero.  But  in  the  kinetic  theory  of 
gases  the  mciss  flux  is  non-zero.  The  main  purpose 
of  this  work  is  to  estimate  the  value  of  this  flux. 

The  numerical  results  will  be  presented  at  the  con¬ 
ference. 
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Impingement  of  Extended  Supersonic  Jets  onto  Flat  Surface  * 

S.B.Svirschevsky,  E.L.Tarhov,  S. A. Popov 
Moscow  State  Aviation  Institute-Technical  University,  Moscow,  Russia 


The  underexpanded  plumes  from  rocket  engines  and  area  x^ar  ■  The  experimental  results  for  single  jet  is 
other  nozzle  sources  may  impinge  on  surfaces  of  shown  in  fig  1.  The  dots  on  this  figure  correspond 
planets,  spacecrafts,  criopanels  and  etc.  causing  to  the  next  parameters:  1  -  Mj=2.46,  n=75;  2  - 
pressure  load,  surface  heating,  and  contamination.  Mj=2.46,  n=40;  3  -  Mj=3.04,  n=1.7;  4  -  Mj=:2.46, 
At  this  moment  the  studies  of  plume  impingement  n=10.3;  5  -  Mj=4.06,  n=l.l;  6  -  Mj=3.04,  n=8.4;  7 
become  important  for  practical  goals  [1-3].  However  -  Mj=2.46,  n=2.2.  It  is  seen  that  in  the  case  1  and 
few  works  were  done  about  interaction  of  plumes  2  for  n  1  the  pressure  ratio  strongly  depends  on 
with  surfaces  at  the  big  distance  from  nozzle  sources  the  structure  of  plume.  The  different  phenomena 
and  with  nonparallel  jets.  jet  flows  are  discussed  in  the  paper. 


In  this  paper  the  results  of  experimental  studies 
of  the  interaction  of  single  plume  and  multi-plume 
with  a  flat  plate  normal  to  the  axis  of  jet  source  are 
presented.  It  is  known  that  the  impingement  of  an 
high  density  plume  upon  a  surface  produces  a  num¬ 
ber  of  regimes.  The  regime  type  depends  on  the 
next  gasdynamic  parameters:  the  exit  Mach  num¬ 
ber  Mj,  the  expansion  ratio  n  (n  =  Pj/Poo',  Pj,  Poo 
are  the  exit  and  background  pressure),  the  Reynolds 
number  Re.  (Re.  is  calculated  with  throat  flow  pa¬ 
rameters),  the  geometric  parameter  H.  (H.  =  H/dj; 
H  is  the  distance  between  surface  and  nozzle;  dj  is 
the  nozzle  throat  diameter)  and  so  on. 

The  aim  of  the  present  experiments  is  to  classify 
the  types  of  interactions  of  extented  jets  with  sur¬ 
face  and  to  investigate  some  phenomena  of  such  flow 
field.  The  experiments  have  been  made  in  the  low- 
pressure  chamber  of  the  sub-supersonic  closedlay- 
out  wind  tunnel  T2  MAI.  The  experiments  included 
the  visualization  of  the  jet  flow  by  means  of  opti¬ 
cal  system  TE-21  and  detailed  pressure  measure¬ 
ments  on  the  flat  surface.  The  investigations  were 
conducted  under  the  following  range  of  parameters; 
Mj  =  2.46  -  4.4,  n  =  1.1  -  75,  H.  =20-172,  fj  =1- 
19  (fj  is  the  number  of  the  nozzles),  dj  =  0.805  - 
2.012  mm,  Poo  =  5800-6860  Pa.  The  outer  surface 
of  nozzle  source  was  spherical  with  radius  R=  27.5 
mm.  The  air  at  the  stagnation  temperature  T,,  = 
288  K  was  used.  It  were  found  the  pressure  ratio  P, 
=(P  -  Poo  /  Poo )moj-  as  the  function  of  Mj,  n,  fj, 
X.  (x.  =  x/dj,  X  is  the  distance  from  axis  of  nozzle 
source) ,  the  characteristic  length  of  the  interaction 
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Prediction  of  power/heat  loads  and  contamination 
effects  due  to  firings  of  various  thrusters  of  space 
vehicles  is,  up  today,  an  important  problem  of  rar¬ 
efied  gasdynamics.  Both  DSMC  and  continuous 
media  equations  (Euler  and  Navier-Stokes)  are  used 
for  jet/plume  calculations  as  well  as  numerous  ap¬ 
proximate  methods.  Last  ones,  however,  are  usu¬ 
ally  developed  for  far  field  of  a  plume.  This  paper 
presents  the  results  of  verification  of  some  approxi¬ 
mate  methods  in  near  field  of  a  plume.  Main  idea  is 
the  verification  of  possibilities  of  these  approaches 
in  the  case  of  non  -  zero  thickness  of  nozzle  lip  and 
their  further  modification  in  order  to  make  them 
more  exact  and  real. 

Numerical  simulation  of  plumes  under  the  study 
was  made  by  Euler,  Navier  -  Stokes  (N-S)  equa¬ 
tions  in  the  case  of  continuous  media;  brand  new 
algorithm  was  developed  particularly  for  N-S  cal¬ 
culations  of  plumes  of  extremely  large  expansion 
ratios  (up  to  10'°).  These  results  were  compared 
with  DSMC  calculations.  Jets  of  perfect  argon  and 
nitrogen  were  analyzed.  Both  no  -  slip  and  kinetic 
conditions  were  used  along  inner  and  outer  walls  of 
nozzle  unit  in  N-S  and  DSMC  calculations. 

Two  approximate  'models  were  taken  for  further 
analysis:  widely  used  Simons  model  [1]  and  its  few 
modifications  and  model  presented  in  [2]  beised  on 
quite  different  from  [1]  ideas.  First  one  can  take 
into  account  nozzle  boundary  layer  with  appropri¬ 
ate  chosen  constants  in  exponential  law  for  outer 
plume  region;  second  one  can  do  it  in  the  way 
of  description  of  profiles  of  gasdynamic  parameters 
of  nozzle  boundary  layer  at  the  exit  cross  section. 
Modification  of  approximate  model  [2]  for  the  case 
of  slip  and  temperature  jump  conditions  as  far  as 
for  the  case  of  presence  of  non  -  zero  nozzle  lip  is 
presented. 

Possibilities  of  combination  of  full  or  parabolyzed 
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N-S  equations  for  calculation  of  gas  flow  inside  a 
nozzle  and  vicinity  of  its  exit  and  Euler  equations 
for  more  far  plume  regions  are  analyzed.  In  this 
case,  coordinates  connected  with  streamlines  are 
used.  It  is  known  such  coordinates  allow  to  take 
into  account  some  physical  effects  inside  the  plume 
(  e.g.,  condensation)  in  most  simple  way  [3].  In  the 
frames  of  local  approach  [2] ,  an  analysis  of  possi¬ 
ble  affect  of  mentioned  physical  processes  on  nor¬ 
mal  and  shear  stresses  distributed  along  flat  plate 
placed  inside  peripheral  region  of  a  plume  is  pre¬ 
sented. 
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We  derive  all  existing  continuum  models  for  steady 
2D  super-  and  hypersonic  flows  past  smooth 
blunted  bodies  from  the  Navier-Stokes  equations. 
A  unified  asymptotic  approach  is  used  to  obtain  the 
models  covering  the  full  range  of  Reynolds  numbers 
Re,  i.e.,  from  small  Re  (free-rnolecular  and  tran¬ 
sient  regimes)  to  large  Re  (boundary  layer  regime). 
In  particular  new  gas-dynamic  model  is  discov¬ 
ered  for  Re— >  0  and  k  Q  under  the  condition 
(A:/Re)^/^  -+  0,  where  k  is  the  ratio  of  the  free- 
stream  density  to  the  density  just  behind  the  shock. 
This  model  differs  from  boundary  layer,  viscous 
shock  layer,  and  parabolized  Navier-Stokes  models 
derived  in  the  past  for  large,  moderate,  and  small 
Re  numbers,  respectively.  The  model  is  reduced 
to  the  approximate  “local”  Stokes  equations  with 
vanishing  inertia  and  pressure  forces,  with  bound¬ 
ary  conditions  imposed  on  the  unknown  free  bound¬ 
ary  (shock  wave).  The  solution  for  supersonic  flow 
within  the  model  yields  free-molecular  limit  for 
the  friction,  pressure,  and  heat-transfer  coefficients. 
So,  the  Newton  limit  for  the  wave  drag  is  obtained 
strictly  from  the  Navier-Stokes  equations.  In  do¬ 
ing  so,  the  Knudsen  number,  defined  by  using  the 
vanishing  (within  the  model)  thickness  of  the  shock 
layer,  tends  to  zero.  Thus,  the  condition  for  contin¬ 
uum  approach  is  satisfied. 

The  equations  for  all  models  are  written  out  in  the 
Dorodnitsyn-Lees  variables  known  from  the  bound¬ 
ary  layer  theory.  This  enables  one  to  estimate  ap¬ 
proximately  the  second-order  effects  of  the  bound¬ 
ary  layer  theory  depending  on  the  Reynold.s  number 
Re  and  parameter  k  (measure  of  the  compression 
in  the  shock  layer),  and  to  present  all  aerodynamic 
and  heat  characteristics  using  a  unified  dependence 
on  the  Reynolds  number  in  the  whole  range  of  its 
values,  i.e.,  from  zero  to  infinity. 

Earlier,  the  author  together  with  collaborators  de¬ 
veloped  an  effective  numerical  method  of  global  iter¬ 
ations  for  integrating  the  viscous  shock  layer  equa- 
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tions.  The  method  can  be  applied  to  super-  and 
hypersonic  flows  over  the  windward  part  of  a  blunt 
body  within  the  unified  model  for  all  Reynolds  num¬ 
bers.  The  only  necessary  correction  consists  in  spec¬ 
ifying  (Jt/Re)*/^  0  as  Re— >  0.  This  means  that 

instead  of  calculation  of  aerodynamic  and  thermo¬ 
dynamic  characteristics  by  using  different  models 
corresponding  to  different  ranges  of  Re  (different 
flow  regimes),  one  can  carry  out  calculations  within 
a  unified  model  along  the  whole  (re)entry  trajec¬ 
tory  of  a  space  vehicle  or  a  natural  space  object 
(meteoroid). 

Further,  on  the  base  of  extensive  numerical  solu¬ 
tions  of  supersonic  viscous  perfect  gas  flow  over 
the  sphere  when  Mach  number  Moo  =  2-10  and 
Rcco  =  100  —  10000  the  comparison  of  solutions  for 
three  gas  dynamic  models  have  done.  The  first  one 
get  out  in  the  framework  of  Navier-Stokes  equations 
(NS),  the  second  one  used  the  parabolized  Navier- 
Stokes  equations  (PNSE)  and  the  third  one  obtain 
in  the  framework  of  viscous  shock  layer  (VSL). 

When  Rcoo  >  500  over  the  whole  range  of  Mach 
numbers,  and  when  Rcoo  ^  100  and  if  Moo  is  small, 
the  solution  obtained  by  all  those  models  are  simi¬ 
lar  to  each  other.  When  Rcoo  «  100  and  when  Moo 
is  large  the  distinction  became  appreciable.  Over 
the  whole  range  of  Rcoo  and  Mcoo  under  the  con¬ 
sideration  the  heat  transfer  flux  and  skin  friction 
coefficient  at  the  sphere  are  weekly  depend  on  gas- 
dynamic  model.  When  it  0  and  Re— ^  0  PNSE 
solutions  gives  us  the  free-molecular  limit  for  the 
drag  coefficient,  skin  friction  coefficient  and  heat 
transfer. 
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Abstract 

Results  of  numerical  simulations  of  Mach  10  air 
flow  about  a  hollow  cylinder-flare  and  spherically 
blunted  cone  configurations  are  presented.  The  sim¬ 
ulations  are  achieved  using  the  direct  simulation 
Monte  Carlo  (DSMC)  method  of  Bird  [1]  for  low 
Reynolds  number  conditions  that  ensure  laminar 
separation  and  laminar  reattachment.  Particular 
emphases  are  placed  on  the  sensitivity  of  the  com¬ 
puted  results  to  grid  resolution  as  well  as  the  run 
time  simulation  to  ensure  converged  results.  Both 
factors  are  critical  for  generating  credible  results  for 
viscous  interacting  flows,  particularly  those  that  in¬ 
clude  separation. 

Hypersonic  flows  involving  separation  have  been 
and  continue  to  be  a  challenge  for  accurate  numeri¬ 
cal  simulation.  The  two  problems  for  which  compu¬ 
tations  are  made  in  the  present  study  are  those  that 
have  been  investigated  as  part  of  an  AGARD  Work¬ 
ing  Group  18  activity  [2];  shock  wave/boundary 
layer  interactions  for  a  hollow  cylinder  with  a  30- 
deg  flare  and  the  flow  separation  and  reattachment 
resulting  from  the  flow  about  70-deg  spherically 
blunted  cones  with  extended  afterbodies.  The  ex¬ 
periments  for  the  hollow  cylinder  flare  have  been 
completed  using  the  ONERA  R5Ch  wind  tunnel. 
Tests  are  being  organized  in  R5Ch  using  5.08  cm 
diameter  blunted  cone  models  for  1998.  Conse¬ 
quently,  calculations  will  be  made  for  both  model 
configurations  using  the  flow  conditions  produced 
in  the  R5Ch  tunnel.  The  nominal  test  conditions 
are:  Mach  9.91  air,  freestream  unit  Reynolds  num¬ 
ber  of  178,900  per  meter,  stagnation  temperature 
of  1050  K,  and  a  wall  temperature  of  293  K. 
Details  of  the  experiments  for  the  hollow  cylinder 
flare  are  presented  by  Chanetz  [3]  and  a  recent 
summary  of  both  experimental  and  computational 
contributions  is  presented  by  Chanetz  et  al  [4]. 

'Abstract  6211  submitted  to  the  21st  International  Sym¬ 
posium  on  Rarefied  Gas  Dynamics,  Marseille,  France,  July 
26-31,  1998 


The  present  computations  address  grid  refinement 
and  its  impact  on  flowfield  structure  and  surface 
results.  Also,  a  time  evolution  of  the  DSMC  re¬ 
sults  will  be  presented  to  indicate  the  nature  of  the 
convergence  and  to  ensure  that  steady  state  condi¬ 
tions  are  achieved  prior  to  the  generation  of  the  final 
time-averaged  results.  Comparisons  with  the  mea¬ 
surements  of  Chanetz  will  be  made  concerning  sur¬ 
face  heating  and  pressure  along  with  locations  for 
flow  separation  and  reattachment  as  inferred  from 
oil  flow  measurements. 

The  blunt  body/ wake  flow  experiments  being  or¬ 
ganized  for  1998  are  a  continuation  of  the  AGARD 
WG18  activity.  The  objective  is  to  obtain  fully  lam¬ 
inar  wake  data  for  code  validation  where  tests  will 
be  made  in  two  low  density  wind  tunnels  at  low 
enthalpy  conditions.  Model  configurations  that  will 
be  used  in  this  test  program  are  the  AGARD  WG18 
configuration  and  a  Mars  Pathfinder  model.  Com¬ 
mon  to  both  models  is  a  70-deg  spherically  blunted 
cone  forebody  where  the  nose  radius  is  50  percent 
of  the  base  radius.  The  WG18  model  has  a  flat  af¬ 
terbody  while  the  Mars  Pathfinder  derived  model 
has  a  conical  frustum  afterbody.  Both  models  are 
supported  with  a  sting  attached  to  the  base.  These 
models  will  be  extensively  instrumented  with  thin- 
film  heat  transfer  gages  (up  to  70  gages)  along  both 
the  model  and  the  sting. 

The  blunt  body  calculations  will  emphasize  the  ef¬ 
fect  of  grid  resolution  and  time  evolution  of  the 
wake  flow  to  ensure  EM:curate  time-averaged  results. 
If  results  are  available  from  the  experimental  test 
program,  comparisons  of  calculated  and  measured 
heating  distributions  will  be  made. 
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Abstract 

Mars  Global  Surveyor  (MGS)  is  the  first  plane¬ 
tary  mission  designed  to  use  aerobraking  as  a  pri¬ 
mary  means  of  customizing  its  orbit  in  order  to 
achieve  its  mission  objectives  [1].  The  aerobrak¬ 
ing  requirements  together  with  post-launch  anoma¬ 
lies  [2]  have  presented  a  unique  challenge  to  provide 
accurate  predictions  of  the  aerothermodynamic  en¬ 
vironment  of  the  spacecraft  in  the  rarefied  transi¬ 
tional  flow  regime.  A  variety  of  three-dimensional 
Direct  Simulation  Monte  Carlo  (DSMC)  and  free- 
molecular  techniques  have  been  used  to  satisfy  the 
prediction  requirements,  and  this  is  the  first  ma¬ 
jor  planetary  mission  in  which  rarefied-flow  predic¬ 
tions  have  played  such  a  critical  role  all  the  way 
through  the  design,  mission  planning,  and  oper¬ 
ational  phases.  The  purpose  of  this  paper  is  to 
discuss  these  requirements,  describe  the  particular 
three-dimensional  DSMC  and  free-molecular  tools 
used,  and  present  selected  results  from  the  compu¬ 
tational  studies. 

The  studies  performed  include  pre-launch  aerody¬ 
namic  and  heating  predictions  that  were  used  (1) 
in  the  design  of  the  solar  panel  arrays  which  are 
the  principal  drag-producing  components,  (2)  in 
the  mission  planning  for  selecting  specific  aerobrak¬ 
ing  parameters,  e.g.,  altitude,  attitude  limits,  and 
panel  sweep  angles  and  (3)  to  investigate  specific 
issues  such  as  aerodynamic  interactions  caused  by 
reaction  control  jet  firings  [3].  Incomplete  deploy¬ 
ment  of  one  of  the  solar  arrays  shortly  after  launch 
produced  additional  analysis  requirements:  (1)  to 
devise  an  alternate  aerobraking  configuration  and 
confirm  its  aerodynamic  characteristics,  (2)  to  in¬ 
vestigate  specific  aerodynamic  heating  issues  aris¬ 
ing  for  this  modified  configuration,  and  (3)  to  re¬ 
define  the  aerodynamic  databases  needed  for  at¬ 
mospheric  density  reconstruction  from  on-board  ac- 
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celerometer  measurements.  Finally,  anomalous  de¬ 
flections  of  the  partially-deployed  solar  panel  that 
occurred  in  the  early  drag  passes  required  exten¬ 
sive  analyses  to  determine  the  aerodynamic  stabil¬ 
ity  of  alternate  configurations  that  might  reduce 
these  deflections[4]. 

The  analyses  were  carried  out  using  three- 
dimensional  DSMC  and  free-molecular  codes  that 
have  been  developed  in  recent  years  for  analyzing 
complex  geometries.  The  NASA  LaRC  3D  DSMC 
code  (denoted  DSMCl  herein)  uses  an  unstructured 
grid  where  each  computational  cell  is  composed  of 
one  or  more  elements  from  an  underlying  uniform 
Cartesian  mesh  which  may  be  made  finer  near  the 
body [5].  The  body  geometry  is  described  as  a  dis¬ 
crete  set  of  small  Cartesian  elements  but  the  code 
retains  information  on  local  surface  normals  from  a 
more  exact  geometry  definition  and  allows  the  in¬ 
clusion  of  a  body-fitted  grid  region  near  the  wall  to 
capture  Knudsen  layers.  The  DAC  (DSMC  Anal¬ 
ysis  Code)  code  (denoted  DSMC2  herein)  uses  a 
two-level  Cartesian  grid,  where  the  first  level  is  a 
uniform  structured  mesh  and  the  second  level  con¬ 
sists  of  a  locally  refined  Cartesian  mesh  within  each 
first-level  ce!l[6].  The  body  geometry  is  described 
as  an  unstructured  triangular  grid  which  clips  the 
local  Cartesian  grid.  Each  code  has  certain  unique 
advantages  but  both  codes  use  similar  DSMC  pro¬ 
cedures  and  physical  models  and  both  are  capa¬ 
ble  of  handling  the  complex  geometry  of  the  MGS 
spacecraft.  The  DSMC  codes  are  complemented  by 
several  3D  free-molecular  codes  each  of  which  uses 
analytical  free-molecular  analysis  and  line-of-sight 
shadowing  techniques  to  model  the  flow  about  com¬ 
plex  geometries. 

Analysis  of  MGS  aerodynamics  and  heating  was 
performed  primarily  using  DSMCl  in  the  design 
phase  and  in  the  early  post-launch,  pre-aerobraking 
phase[7],  while  DSMC2  was  used  primarily  in  the 
later  post-launch,  pre-aerobraking  phase  and  in  the 
early  operational  phase  of  aerobraking.  Calcula¬ 
tions  were  performed  for  a  variety  of  solar  panel  po- 
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sitions  and  spacecraft  attitudes  and  for  atmospheric 
densities  ranging  from  free-molecular  to  transitional 
flow  (Knudsen  numbers  less  than  0.1).  A  typical  ge¬ 
ometry  model  used  in  computations  with  DSMCl  is 
shown  in  Fig.  1.  This  model  was  constructed  from 
a  highly  detailed  thermal  analysis  model  and  con¬ 
tains  considerable  details  of  the  spacecraft  bus  as¬ 
sembly.  A  somewhat  simplified  model  (not  shown) 
was  used  by  DSMC2.  The  simplified  model  has  a 
similar  definition  of  the  solar  panels  but  a  simpler 
description  of  the  spacecraft  bus  constructed  from  a 
free-molecular  geometry  model  used  for  much  of  the 
mission  analysis.  Results  obtained  with  each  model 
and  code  demonstrate  that  both  approaches  give 
quite  similar  aerodynamic  predictions  in  the  free- 
molecular  and  transitional  flow  regimes.  A  sample 
comparison  of  drag  coefficients  computed  for  vari¬ 
ous  geometry  models  is  shown  in  Fig.  2  as  a  func¬ 
tion  of  atmospheric  density.  The  final  paper  will 
include  selected  results  that  illustrate  the  compu¬ 
tational  capabilities  in  providing  the  needed  pre¬ 
dictions,  comparisons  of  the  aerodynamic  predic¬ 
tions  between  the  various  DSMC  and  free-molecular 
codes,  and  results  that  demonstrate  the  significant 
transitional  flow  effects  on  both  the  heating  and 
aerodynamic  behavior  of  MGS.  Emphasis  will  be 
given  to  more  recent  results  that  address  specific 
post-launch  rarefied  aerothermodynamic  issues. 
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Figure  1:  Detailed  Pre-Launch  MGS  Geometry 
Model.  (Actual  surface  resolution  used  was  higher 
for  some  elements.  Resolution  reduced  for  illustra¬ 
tion  purposes  only.) 


Figure  2;  Comparison  of  Drag  Predictions  for  Var¬ 
ious  Geometry  Models  and  DSMC  Codes. 
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CDF/DSMC  Simulation  of  Cold  Gas  Thruster  Nozzle  and 
Plume  Flow  and  Comparisons  with  Space  Flight  Data  * 
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Mechanical  Engineering  Department,  Worcester 
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The  study  of  plumes  from  small  attitude  control  thrusters  is  very  important  for  contamination  purposes,  as 
well  as  for  determining  plume  impingement  forces.  There  have  been  numerous  ground-based 
experimental  investigations  of  small  thruster  plumes.  Numerical  simulation  studies  of  plumes  have  been 
carried  out  with  Navier-Stokes  codes.  The  major  shortcomings  of  the  continuous  description  of  the 
expanding  plume  are  related  to  the  breakdown  and  non-equilibrium  due  to  the  rarefaction  effects  and 
have  been  addressed  with  the  Direct  Simulation  Monte  Carlo  (DSMC)  method.  Recent  studies  combine 
the  two  methods  by  following  the  flow  via  a  Navier-Stokes  approach  until  breakdown  is  established,  then 
continue  with  the  DSMC  approach.  In  cases  of  plumes  from  low-density  nozzles  the  flow  may  be 
followed  using  the  DSMC  method  in  its  entirety. 

Data  analyses  from  space-based  experiments  with  thrusters  have  been  limited  and  mostly  related  to  the 
Space  Shuttle.  Since  the  early  Shuttle  flights  ample  evidence  has  been  provided  to  demonstrate  the 
effects  of  thruster  firings  on  the  induced  environment.  Many  subsequent  investigations  have  addressed 
the  plasma,  neutral,  and  electromagnetic  environment  during  thruster  firings.  However,  the  complexity  of 
the  Shuttle  operations,  its  geometry,  and  its  induced  environment  make  the  interpretation  of  neutral 
environment  parameters  very  difficult.  Recently,  data  from  rocket  experiments  have  also  demonstrated 
the  effects  of  thruster  firings  on  the  neutral  pressure  environment. 

This  study  presents  a  combined  CFD/DSMC  study  of  the  nozzle  and  plume  flow  of  attitude  control 
thrusters.  The  simulations  are  performed  in  order  to  compare  with  pressure  measurements  taken  onboard 
the  Environmental  Monitor  Package  (EMP)  suborbital  spacecraft.  The  data  were  obtained  during  thruster 
firings  of  the  N2  cold-gas  attitude  control  system. 

Experiment  Description 

An  experiment  to  characterize  the  induced  environment  around  a  suborbital  spacecraft  was  conducted  by 
the  Applied  Physics  Laboratory.  The  spacecraft,  called  the  Environmental  Monitor  Package  (EMP), 
contained  instruments  designed  to  measure  the  total  gas  pressure,  water  vapor  concentration,  neutral  and 
ion  gas  concentration,  and  flux  of  dust  particles.  Pressure  measurements  taken  onboard  the  spacecraft 
exhibited  non-periodic  pulses  during  attitude  control  thruster  firings.  The  attitude  control  system  located 
at  the  bottom  of  the  conical  EMP  spacecraft  included  eight  thrusters  for  pitch,  yaw  and  roll  control.  The 
pitch  and  yaw  thrusters  delivered  1.245  N  thrust  while  the  roll  thrusters  delivered  3.278  N  with  impulses 
that  lasted  up  to  0.03  s  with  multiple  pulses  per  firing.  The  pressure  sensor  was  housed  inside  the 
spacecraft  and  was  connected  to  the  outside  with  a  0.1-m  long,  0.022-m  diameter  tube.  Pressure  pulses 
appeared  instantaneously  with  the  firings  even  for  thrusters  without  a  direct  line-of-sight  with  the  sensor 
entrance.  Pressure  data  are  superimposed  on  a  background  pressure  that  can  be  attributed  to  internal 
outgassing.  Plumes  from  thrusters  with  the  same  level  of  thrust  resulted  in  large  differences  in  pressure 
depending  on  their  orientation  with  respect  to  the  pressure  sensor.  Data  analysis  demonstrated  plume 
wrap-around  and  free  surface/plume  interaction  phenomena. 
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Nozzle  and  Plume  Flow  Simulations 

A  combined  CFD/DSMC  analysis  was  performed  for  the  EMP  thrusters.  In  order  to  obtain  estimates  of 
the  plume  rarefaction  effects,  simulations  of  the  nozzle  and  plume  flows  were  performed  using  Rampant, 
a  finite-volume  Navier-Stokes  solver.  The  computational  domain  used  in  these  continuous  simulations  is 
three-dimensional  and  includes  the  nozzle  and  the  EMP  surface.  A  large  computational  domain  was  used 
in  order  to  study  the  expansion  process  of  the  plume.  The  density  and  Mach  number  profiles  show  the 
development  of  the  boundary  layer  in  the  small  EMP  nozzles  and  the  rapid  expansion  near  the  lip  region. 
The  breakdown  parameter  defined  by  Bird  as  the  approximate  condition  for  rarefaction  is  obtained  and 
used  to  define  the  breakdown  surface.  These  continuous  results  indicated  that  the  plumes  become 
rarefied  at  length  scales  that  are  smaller  than  the  diameter  of  the  EMP  bottom  surface. 

In  order  to  capture  the  rarefied  part  of  the  plume  flow  DSMC  simulations  were  performed  using  that 
DAC  code.  The  DSMC  simulation  domain  includes  the  EMP  spacecraft.  Inputs  to  the  DSMC  are 
obtained  from  flow  conditions  defined  at  the  breakdowm  surface.  The  DSMC  simulations  showed  plume- 
surface  interactions  and  rarefaction  effects.  Roll,  yaw  and  pitch  thrusters  were  simulated  and  the 
predicted  surface  pressure  at  the  sensor  location  was  compared  with  the  flight  data. 
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Rarefied  Flow  Computations  around  Cylindrical  Bodies.  * 

A. A. Frolova 

Computing  center  of  RAS,  Moscow, Russia 


1  Introduction 

Boltzmann  equation  approach  of  calculating  of  rar¬ 
efied  flow  encounters  great  computational  difficul¬ 
ties.  Being  multidimensional  and  nonlinear  the 
equation  requires  to  develop  new  effective  methods 
for  solving  the  problem.  New  conservative  method 
of  discrete  ordinates  [1]  is  used  to  study  the  flow 
around  cylindrical  bodies  of  different  cross-sections. 
Combination  of  conservative  evaluation  of  Boltz¬ 
mann  integral  by  projection  method  and  different 
schemes  of  calculating  of  free  molecular  flow  allows 
to  compute  complex  configurations  of  circulation. 


2  Statement  of  the  problem 

Consider  the  stationary  flow  of  rarefied  gas  of  hard 
spherical  molecules  around  cylindrical  body.  The 
nonlinear  Bolthmann  equation  for  this  flow  has  the 
form  (in  common  notation): 


—  -b£—  =  — /(/  /) 


It  is  assumed  that  axis  of  the  cylinder  is  directed 
along  2-axis  and  vector  of  velocity  of  undisturbed 
flow  of  gas  directed  along  x-  axis.  So  attack  an¬ 
gle  equals  to  zero  .  The  distribution  function  / 
at  oo  and  distribution  function  of  molecules  re¬ 
flected  from  surface  of  the  cylinder  are  supposed 
to  be  Maxwell  ones.  The  Maxwell  distribution  of 


reflected  molecules  is  characterized  by  a  given  tem¬ 
perature  Ttu  and  density  n  calculated  so  that  normal 
flux  at  surface  is  equal  to  zero.  On  the  i-axis  the 
condition  of  symmetry  is  satisfied. 


3  The  solution  method 


and  radius 


The  velocity  field  is  defined  in  nodes  of  uniform 
three-dimensional  grid  bounded  of  chosen  sphere. 
Bolthmann  equation  is  approximated  by  the  sys¬ 
tem  of  the  transfer  equations  with  nonlinear  source. 
At  the  first  stage  of  calculations  we  make  operator 
(time)  splitting  of  the  system  of  equations.  The 
transfer  equation  is  approximated  with  first-order 
upwind  scheme.  In  order  to  treat  geometry  of  the 
body  we  use  curvilinear  coordinates  p(x,  y),  (p(x,  y) 
on  x,y  plane.  The  functions  p,(p  depend  on  the 
shape  of  cross-section  and  can  be  changed  accord¬ 
ing  to  the  gradients  of  the  dynamic  parameters. 
To  integrate  the  system  of  equations  both  diver¬ 
gent  and  nondivergent  forms  are  used.  It  is  well 
known  that  momentum  equations  obtained  from 
upwind  approximation  of  Bolthman  equation  have 
an  additional  first-order  error  not  equal  to  zero  at 
uniform  flow.  A  scheme  of  such  type  is  not  self- 
consistent.  This  can  distort  a  behavior  of  macro¬ 
scopic  momenta.  It  can  be  especially  dangerous 
when  gradients  of  momenta  are  near  to  zero.  To 
decrease  both  errors  of  not  self-consistency  and  vis¬ 
cosity  of  scheme  the  second-order  approximation  is 
used.  To  compare  different  methods  and  choose 
more  effective  one  we  used  the  coordinate  splitting 
scheme  with  one-dimensional  corrections[2]  and  the 
W-modification  of  Godunov’s  method  [3].  The  W- 
modification  is  based  on  two-  dimensional  equation 
without  splitting  and  uses  two-dimensional  correc¬ 
tions.  The  different  flux  limiters  were  tested  also. 
To  evaluate  the  collision  integral  a  special  projec¬ 
tive  method  is  used.  The  method  guarantees  strict 
preservation  of  mass,  momentum,  and  energy  on 
uniform  velocity  grid. 


Consider  a  sphere  in  velocity  space  with  center  at 


^r.max  “b  ^x,r] 
2 


—  0)  ^2  —  Oj 
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4  Calculations  results. 

The  calculations  were  carried  out  for  cylinder  with 
elliptic  cross-sections.  The  Mach  number  was  about 
2.0  and  Knudsen  number  was  varied  from  0.01  to 
0.001.  The  calculations  showed  that  the  scheme  of 
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the  first-order  approximation  used  on  adaptive  grid 
gave  good  results.  But  in  the  shadow  of  the  body 
the  scheme  of  the  second-order  approximation  al¬ 
lowed  to  obtain  more  correct  and  detailed  structure 
of  the  flow.  The  calculations  allowed  to  discover 
some  thin  effects  (vorticity)  behind  the  cylinder. 
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1  Introduction 

Substantial  attention  is  paid  to  tlic  research  of  the 
orange  glow  above  spacecraft  (S/C)  surfaces  now- 
days.  Several  reviews  are  known  to  discuss  this 
problem  ([1]  and  some  others).  In  particular,  var¬ 
ious  mechanistic  interpretations  proposed  by  sev¬ 
eral  research  teams  are  reviewed  there.  Some  lab¬ 
oratory  exiierimcnts  were  also  publi.shed  [1],[2],  in 
which  the  rc.scarchcrs  tried  to  reproduce  an  in-flight 
enviroinent.  For  example,  Slanger  [.H]  insists  that 
Oir  molecules  (the  asterisk  dcnot(!s  molocules  in 
the  clectron-excitixl  state)  are  rcsponsiblle  for  the 
glow  above  a  satellite  surface.  Besides,  glow  mech¬ 
anism,  in  which  NO  and  then  NO’^  molecules  arc 
formed  is  investigated  to  explain  the  orange  glow 
above  ram  surfaces  of  satellites  and  reusable  S/C, 
NO2  being  responsible  for  the  NO  luminescence. 
Torr  et  al.[4]  propo.scd  that  atoms  of  N  and  O  arc 
recombining  upon  a  satellite  surface  to  form  NO. 
Later  this  mechanism  was  devclop('d  in  other  pa¬ 
pers  (see  review  [.')]).  In  the  proce.ss  of  inv(\stigating 
the  orange  glow  some  interesting  pecniiaril.ies  were 
revealed,  amongst  them  a  linear  depench-nce  of  the 
glow  brightne.s.s  versus  atomic  oxygen  concentration 
at  altitudes  higher  than  160  km  both  for  satellites 
and,  as  it  was  dc.scribed  in  review  [5],  the  Shut¬ 
tle  Orbiter.  To  further  clarify  the  role  of  various 
collisional  and  surface-bound  proce.s.ses,  a  mathe¬ 
matical  model  should  be  built  implying  available 
experimental  data. 

2  Model  definition 

A  mathematical  model  is  proposed  iti  this  pa¬ 
per  to  describe  the  mechanism  of  the  orange  glow 
through  the  formation  of  NO2  molecules.  The 
following  method  of  solution  is  proposed:  (a)  a 
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set  of  kinetic  equations  is  written  down  for  pos¬ 
sible  chemical  reactions;  (b)  trough  its  resolution 
time-dependent  concentrations  of  various  chemical 
components  above  and  on  the  S/C  surface  are  de¬ 
fined;  (c)  steady-state  concentrations  are  derived 
from  them;  (d)  these  results  will  help  to  define  the 
intensity  of  NO2  radiation  as  well  as  the  transient- 
to-steady-state  interval.  The  core  of  the  model  is 
the  concept  of  active  centers  on  the  S/C  surface 
which  play  host  to  adsorption-desorption  processes, 
and  chemical  transformations.  The  surface  can  be 
covered  with  not  more  than  one  layer  of  atoms 
or  molecules.  In  the  proposed  model  the  autors 
have  taken  into  consideration  the  following  chem¬ 
ical  components  involved  in  the  processes  on  the 
surface  and  above  it:  0,N02,N0,N2,N02iN0*. 
The  following  processes  have  been  included  into 
the  model:scattering;adsorption  of  molecules  on 
the  surface;  thermal  desorption;  collisional  des¬ 
orption;  chemical  transformations  and  exitation 
of  molecules  in  the  collision  of  the  ram  with  the 
adsorbed  componcnts(Elcy-Ridcal  model);  chem¬ 
ical  transformations  between  components  on  the 
surface(Langmuir-Ilin.shelwood  model);  chemical 
transformations  in  the  vicinity  of  the  surface  pro¬ 
ceeding  trough  singular  collisions  between  compo¬ 
nents  on  the  ram  and  components  bounced  or  des¬ 
orbed  from  the  surface. 

The  method  of  computing  incident  flows  on  to  the 
S/C  surfase  is  following.  As  it  is  known,  for  a  free- 
molecular  flow  the  density  of  molecules  above  S/C 
surface  is  higher  than  that  of  the  surrounding  en¬ 
vironment  due  to  the  back.scattering  of  molecules 
of  the  ram  from  the  S/C  surfase.  At  high  altitudes 
the  molecules  of  the  surrounding  environment  prac¬ 
tically  do  not  collide  with  the  molecules  in  the  above 
mentioned  region  of  increased  density  because  the 
absolute  value  of  this  density  is  very  low  and  the 
free  path  of  molecules  is  substantially  greater  than 
the  S/C  dimensions.  At  that  altitudes  the  insident 
flows  computed  with  help  of  the  free  path  method. 
As  the  altitude  decreases,  the  atmospheric  density 
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increases;  firstly  singular  collisions  of  the  environ¬ 
mental  molecules  with  the  denser  region  molecules 
become  possible,  then  two-fold,  etc.  In  particular, 
Caledonia  et  all.[l]  proposed  to  consider  the  NO 
flow  to  the  S/C  surface  because  of  singular  colli¬ 
sions  of  N2  and  O  with  O  and  N2  backscattered 
by  the  S/C  surface.  Therefore  at  the  altitude  be¬ 
low  160  km  it  was  considered  the  process  of  singular 
collisions  in  expression  for  insident  flow. 


3  Computation  of  processes 

The  set  of  kinetic  equations  was  numerically  re¬ 
solved  by  the  Kutta-Merson  method.  Steady-state 
solutions  of  the  kinetic  equations  were  used  to 
find  outgoing  flow  of  NO^  molecules  per  unit  time 
from  unit  area  ((7/vo«).  Using  these  data  one 
can  compute  the  intensity  of  photon  flows  for  any 
given  range,  provided  that  life  time  of  exited  A'OJ 
molecules  and  the  total  photon  flow  from  the  unit 
area  arc  known.  Computational  rc.search  of  the 
(•Noi  carried  out  as  applied  to  altitudes  140  to  280 
km.  rive  computational  variants  were  fulfilled  to 
reveal  roles  of  various  processes  in  tlic  glow  (see 
Pigure  1).  On  Figure  1  Rgraf  is  reformed  experi¬ 
mental  results  from  (5],  n(0)  is  the  density  of  the 
atmospheric  oxigen  atoms,cm“®.  It  was  found  that 
computations  with  proposed  model  give  quantita¬ 
tive  malching  with  experimental  results  at  280  km 
ICO  km  and  qualitative  matching  below  ICO  km  (sec 
Figure  I ,  varl,  var.'i), where  varl  and  var.'i  arc  corre¬ 
spond  to  two  different  methods  of  calculation  NO 
flow  to  .S/C  in  result  of  singular  collisional  of  A'2  and 
O  with  O  and  N-2  backscattered  by  S/C  surfase  It 
was  noticed  that  the  processes  involving  atomic  at¬ 
mospheric  nitrogen  (see  Figure  1,  var4).and  molecu¬ 
lar  atmospheric  nitrogen  (sec  Figure  1,  var2),  which 
not  accounted  for  in  the  radiation  model  proposed 
in  [6],  play  an  important  role  within  the  full  range 
of  altitudcs{140  to  280  km)  used  in  computations. 
Correct  estimation  of  NO  and  N  formation  in  the 
gas  above  the  S/C  surface  is  also  very  important  for 
reproduction  of  available  experimental  rcsalts  of  the 
brightness  curve  below  160  km  (sec  Figure  1,  var3). 
No  substantial  influence  of  the  procc.sses  on  the 
surface,  which  proceed  according  to  the  Langmuir- 
Hinshelwood  model,  at  chosen  values  of  the  rate 
constants  was  found. 
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1  Objectives 

This  paper  is  concerned  with  the  problem  of  shock- 
wave/boundary-  layer  ineractions.  Since  the  stud¬ 
ies  of  Liepmann[l],  Lees  and  Reeves[2],  and  Hen¬ 
derson  [3],  the  phenonena  of  impingement  of  the 
oblieque  shock  wave  on  the  laminar  boundary  layer 
on  the  flat  plate  was  intensively  studied  from  the 
view  point  of  continuum  flow.  Recent  numerical 
studies  by  Zhong[4],  and  Kao  et.  al[5]  demon¬ 
strated  that  continuum  flow  theory  can  well  re¬ 
produce  the  experimental  results  of  pressure  dis¬ 
tribution  and  shear  force  on  the  plate  in  the  vicin¬ 
ity  of  the  shock-wave/boundary-layer  interaction. 
Recent  development  of  the  DSMC  method  make 
it  tractable  to  treat  the  more  complex  shock- 
wave/shock-  wave/boundary-layer  interaction  like 
the  Edney’s  IV  type  interaction(Bird[6]). 

However,  the  detailed  studies  of  the  present  prob¬ 
lem  from  the  view  point  kinetic  theory,  especially 
impingement  of  shock-wave  on  the  sonic  line  in  the 
boundary-layer  remain  to  be  carried  out  till  now. 
As  is  well  known,  present  problem  includes  two 
length-  scales,  one  is  l/Re  which  is  pertinent  to  the 
shock- wave  and  the  other  is  the  i/\/^  which  is  per¬ 
tinent  to  the  bondary  layer.  CFD  technique  over¬ 
comes  this  desparate  difference  of  the  scales  by  in¬ 
troducing  fine-multi-grids  where  the  boundary  layer 
is  divided  into  over  20  or  thirty  grids;  the  TVD  and 
other  technique  catch  the  shock-wave  in  a  few  or 
several  meshes.  In  spite  of  such  sucess  in  CFD  , 
the  shock-broadening  in  the  vicinity  of  the  sonic 
line  and  the  dispersion  of  the  shock  wave  in  the 
subsonic  region  of  the  boundary-layer  can  be  pre- 
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cisely  studied  from  the  aspect  of  molecular  motions. 
Studies  based  upon  the  DSMC  method  can  visual¬ 
ize  the  separation  of  the  bnoundary  layer  flow  and 
its  re-attachment  due  to  the  impingement  of  shock- 
wave  on  the  boundary-layer  in  the  scale  of  mean 
free  path. 

2  Results 

Oblique  shock-wave  was  generated  by  the  wedge 
with  the  half-aps  angle  of  about  22®  in  the  uni¬ 
form  supersonic  flow  of  Mach  number  5  impinges 
on  the  boundary-layer  on  the  flat  plate  of  lenght 
of  325  mean  free  path  in  the  same  supersonic  flow. 
Two-  dimensional  flow  field  was  divided  into  about 
40,000  cells;  most  cells  had  a  size,  lAoo  x  lAoo  where 
Aoo  is  the  mean  free  path  in  the  uniform  flow.  The 
height  of  cells  adjacent  to  the  plate  wall  was  set  to 
Q.2lambdaoo  so  as  to  observe  the  velocity-slip  adja¬ 
cent  to  the  wall. 

Ten  molecules,  as  a  mean,  were  distributed  in  each 
cell  at  the  begining  of  the  simulation.  The  total 
number  of  molecules  was  about  830,000  after  the 
quasi-steady  state  is  established.  The  average  num¬ 
ber  of  sampled  molecules  in  each  cell  was  about 
18,000  .  Results  of  the  present  simulation  were  as 
follows: 

(1)  It  is  observed  that  the  subsonic  region  in  the 
boundary-layer  swelled  out  in  the  vicinity  of  the 
shock- wave-impingement.  The  boundary  of  this  re¬ 
gion,  i.e.,  iso-Mach  line  for  Af  =  1  had  a  peak  and 
the  both  sides  of  this  peak  showed  concaved  con¬ 
tours.  Many  compression  waves  emerged  from  this 
concaved  surface  and  they  intersected  the  incident 
shock-wave  forming  a  shock-wave;  these  compres¬ 
sion  waves  seemed  to  be  a  dispersion  of  the  incident 
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shock-wave. 

(2) The  thickness  of  the  boundary  layer  at  a;  =  150A 
(from  the  leading  edge  and  outside  of  the  interaction 
region)  was  about  15Aoo  and  the  location  of  the 
sonic  line  was  about  3 A  from  the  wall,  while  at  i  = 
225Aoo  the  location  of  the  sonic  line  becomes  about 
20A  from  the  wall,  i.e.,  the  subsonic  region  became 
7  times  thicker  than  the  uninteracted  case. 

(3) The  incident  shock-wave  reflected  on  the  sonic 
line  as  an  expansion  wave;  the  actual  reflection  of 
the  shock-wave  took  place  in  the  supersonic  region 
of  the  boundary  layer  from  M  =  1.5  to  Af  =  1. 
This  expansion  wave  accelerated  the  flow  toward 
the  wall  and  there  the  reflected  shock-wave  merged 
on  the  concaved  sonic  line.  Dispersion  of  the  shock- 
wave(compression  wave)  was  observed  clearly.  The 
location  of  the  sonic  line  just  downstream  the  re¬ 
flected  shock- wave  was  about  6Aoo  from  the  wall. 
This  height  controlls  the  magnitude  of  the  maxi¬ 
mum  heat  flux  on  the  wall  in  the  shock-wave  im¬ 
pingement  on  the  boundary-layer. 

(4) the  distance  between  the  separation  point  and 
the  reattachment  point  was  64Aoo.  Negative  shear 
stress  was  observed  in  this  region. 

(5) Obtained  velocity  profiles  in  the  separation  bable 
showed  a  good  agreement  with  the  theoretical  pre¬ 
diction  of  Stewartson[2].  But  it  is  worth  noting  that 
the  separation-bable  was  on  a  stream-wise  slip  flow. 

3  Prospect 

Present  simulation  suggested  that  the  most 
important  phenomena  included  in  the  shock¬ 
wave/boundary-layer  interaction  is  the  reflection  of 
the  incident  and  reflected  shock-wave  on  the  sonic 
line.  So,  how  to  predict  the  sonic  line  in  the 
boundary-layer  must  be  the  most  significant  task  in 
this  problem.  For  the  case  of  turbulence  boundary- 
layer,  sonic  line  must  be  always  swaying  in  the  scale 
of  the  thickness  of  shock-wave.  Pressure  distribu¬ 
tion  along  the  wall  must  be  swaying  about  the  mean 
values.  Thus,  unsteady  shock-wave/boundary-layer 
interaction  may  be  next  target  of  this  simulation. 
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1  Introduction 

The  proposals  on  realization  of  some  aerophysical 
and  aeronomical  experiments  which  are  to  be  car¬ 
ried  out  aboard  of  space  low-orbital  module  with 
the  aid  of  mass-spectrometric  (MS)  and  spectro- 
photometric  (SP)  measuring  equipment  are  consid¬ 
ered. 

Among  the  main  experiments  the  following  ones 
have  to  be  mentioned; 

•  the  study  of  effective  cross-sections  of  scatter¬ 
ing  (CSS)  for  atoms  and  molecules  of  various 
gases  in  their  interaction  with  multicomponent 
free  stream  in  upper  Earth  atmosphere; 

•  investigation  of  gas  flow  mechanism  in  the 
vicinity  of  spacecraft  (SC)  surface  and  its  in¬ 
fluence  on  the  onboard  equipment; 

•  investigation  of  molecular  composition  varia¬ 
tions  in  the  upper  Earth  atmosphere  during  the 
period  of  high  Solar  activity; 

•  investigation  of  the  gas  dynamic  processes, 
determining  the  formation  of  ambient  atmo¬ 
sphere  in  the  vicinity  of  SC. 

The  importance  of  numerical  simulation  and  labo¬ 
ratory  tests  in  treatment  of  data  obtained  during 
the  space  experiments,  is  emphasized. 

2  Problem  statement 

The  short-distant  forces  in  the  molecular  interac¬ 
tion  are  rather  thoroughly  studied  nowadays  with 
the  use  of  theoretical  and  experimental  means.  The 
main  results,  related  to  CSS  measurement,  have 
been  obtained  basically  with  the  aid  of  particle 
accelerator,  which  is  able  to  generate  high  energy 
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beams  (up  to  E  ~  KeV).  The  range  of  moderate 
energies,  corresponding  to  free  stream  interaction 
with  satellite  surface  (E  ~  leV),  is  still  poorly  in¬ 
vestigated.  At  the  same  time  the  solution  of  many 
theoretical  and  practical  problems,  related  to  rar¬ 
efied  gas  kinetics,  require  more  accurate  data  about 
the  potentials  of  molecular  interaction  within  this 
range  of  energies. 

Collision  processes  to  much  extent  are  responsible 
for  Earth  atmosphere  luminosity  and  for  glow  ef¬ 
fects  in  the  vicinity  of  satellite  surface  at  the  shad¬ 
owed  parts  of  the  orbit.  The  glow  phenomenon 
has  negative  effect  on  optical  sensors  and  other  on¬ 
board  instruments,  accustomed  to  function  at  low 
altitude  orbits  (~300-;-400  km  above  the  Earth  sur¬ 
face).  The  only  first  steps  have  been  made  lately 
toward  the  numerical  analysis  of  satellite  glow  phe¬ 
nomenon  and  its  effect  on  the  onboard  equipment. 

The  first  onboard  experiments  supposed  to  be  per¬ 
formed  during  the  period  of  high  Solar  activity  (in 
200 1-r 2002),  when  considerable  variations  of  atmo¬ 
sphere  parameters  on  the  altitudes  300-^400  km  are 
expected. 

The  Solar  effects  on  Earth  atmosphere  are  still 
poorly  investigated  and  presented  in  aeronomy.  It 
seems  to  be  the  unique  opportunity  to  learn  these 
effects  by  launching  the  satellite  during  the  high 
Solar  activity.  The  appropriate  collection  of  on¬ 
board  equipment  enables  one  to  perform  series  of 
experiments  to  measure  pressure  variation  of  resid¬ 
ual  gases  inside  of  different  nonhermetic  space  mod¬ 
ules. 

3  The  ways  of  realization  and 
expected  results 

It  is  supposed  to  arrange  the  experiment  in  the  fol¬ 
lowing  order: 
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tion  with  known  flow  parameters  is  installed 
aboard  of  orbital  module; 

•  only  those  gases  have  to  be  selected,  which  are 
absent  in  upper  atmosphere  and  their  molec¬ 
ular  weight  sufficiently  differ  from  atmosphere 
components,  for  example,  Ne,  Kr,  Xe  and  oth¬ 
ers; 

•  the  highly  sensitive  MS,  installed  aboard  of 
space  module,  is  destined  to  register  separate 
atmosphere  components  flux  at  a  given  alti¬ 
tude  and  return  flux  of  injected  gases  interact¬ 
ing  with  multicomponent  free  stream; 

•  SP  is  also  installed  on  aboard  space  module  in 
order  to  register  light  flux  from  ambient  gas 
layer; 

•  the  selected  model  of  molecular  interaction 
makes  it  possible  to  determine  the  cross-section 
of  scattering  and  corresponding  photometric 
parameters  on  the  basis  of  measured  data  and 
numerical  simulation  of  a  given  experiment. 

Experiment  is  based  on  measuring  of  the  flux  of 
different  classes  of  particles: 

•  all  free  stream  components  in  the  upper  Earth 
atmosphere; 

•  return  flux  of  particles  from  outgasing  sur¬ 
faces,  which  are  scattered  interacting  with  free 
stream  in  the  unit  volume; 

It  is  also  based  on  SP  measuring  of  spectral  and 
integral  characteristics  of  object  ambient  layer  glow. 

This  experiment  is  logical  extension  of  research 
works  performed  in  the  Institute  of  Technical  Me¬ 
chanic  of  National  Academy  of  Science  (Ukraine) 
with  the  aid  of  Vacuum  Aerodynamic  Tube  (VAT- 
2M)  [1]  . 

The  treatment  of  obtained  experimental  data  and 
their  interpretation  is  supposed  to  perform  with 
the  aid  of  corresponding  software  [2].  It  is  sup¬ 
posed  to  use  the  onboard  measuring  equipment  de¬ 
signed  at  the  Physical  and  Technical  Institute  of 
Low  Temperatures  of  National  Academy  of  Science 
(Ukraine).  The  test  and  calibration  of  this  equip¬ 
ment  will  carried  out  at  VAT-2M. 

It  is  expected  that  in  the  framework  of  experiment 
the  coordinated  data,  related  to  density  variation 
of  Earth  atmosphere  at  the  low  altitudes  (200-r400 
km),  spectral  and  integral  characteristics  of  satel¬ 
lite  structures  radiation  and  effective  CSS  of  various 
atoms  and  molecules  will  be  obtained  . 


[1]  Abramovskaja  M.G.,  Bass  V.P.,  Petrov  O.V., 
Tokovoj  S.V.,  The  measurement  of  full  cross- 
section  scattering  of  inert  gases  within  the 
range  of  reciprocal  energies  7-17  eV,  Journal 
of  applied  mechanics  and  Technical  Physics, 
No.4,  pp.28-32,  1988.  (In  Russian) 

[2]  Bass  V.P.,  Brazinsky  V.I.,  Numerical  procedure 
to  calculate  mass-transfere  in  highly  rarefied 
gases,  Journal  of  computational  mathemat¬ 
ics  and  mathematical  physics.  Vol.28,  No.7, 
pp.  1078-1098,  1988.  (In  Russian) 
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Considering  the  important  international  competition 
in  the  field  of  sateUites,  it  is  fimdamental  to  extend 
the  lifetime  and  increase  the  payload  mass/structural 
mass  ratio  of  spacecraft  in  order  to  reduce  the  launch 
and  operation  costs.  These  requirements  have  led 
several  space  organizations  to  study  and  develop 
electric  propulsion  systems,  which  are  more 
interesting  than  the  chemical  ones  for  ensuring  orbit 
maintenance  and  attitude  control  of  geostationary 
satellites. 

In  France,  CNES  (Centre  National  d'Etudes  Spatiales) 
has  initiated  research  and  development  studies  on  a 
particular  type  of  electric  propulsion  system;  the 
Stationary  Plasma  Thruster  (SPT),  also  called  Hall 
thruster,  or  plasma  thruster  with  closed  electron  drift. 
These  studies  support  the  works  of  the  French 
spacecraft  engines  manufecturer  SEP  (Society 
Europeerme  de  Propulsion). 

The  SPT,  which  was  first  developed  in  Russia  in  the 
1960s,  has  several  advantages;  for  a  typical  SPTIOO 
(100mm  diameter  discharge  chamber),  an  efficiency 
of  45-50%,  a  specific  impulse  (thrust/propellant  flow) 
of  1400-1500S,  a  thrust  of  70-80mN,  a  long  lifetime 
(up  to  5000h)  and  a  large  number  of  on/off  cycles  (up 
to  4000). 

A  SPT  produces  an  ion  beam  within  an  annular 
discharge  chamber  (channel).  The  discharge  is 
sustained  between  an  external  hollow  cathode  and  an 
internal  ring-shaped  anode.  Electromagnets  are  used 
to  generate  within  the  chaimel  a  radial  magnetic  field, 
which  reduces  the  electron  conductivity  and  permits 
the  plasma  to  sustain  a  high  axial  electric  field,  which 
in  turn  accelerates  the  thrust-producing  ions. 

Though  the  functioning  principle  of  a  SPT  is  simple, 
a  lot  of  the  physical  processes  that  occur  in  the 
thruster  are  not  yet  fully  understood.  Thereby,  the 
optimization  of  a  SPT  is  a  veiy  complex  task.  For 
these  studies,  the  French  Research  Group  "Plasma 
Propulsion  for  Orbital  Systems"  has  been  created. 


joining  teams  of  CNRS  ((Centre  National  de  la 
Recherche  Scientifique),  ONERA  (Office  National 
d'Etudes  et  de  Rechmhes  Adrospatiales)  and  SEP. 
The  research  program  includes  theoretical, 
computational  and  experimental  studies,  which  aim  at 
b^r  understanding  the  physical  and  operational 
characteristics  of  the  SPT,  in  order  to  improve  the 
performances. 

The  experimental  studies  of  the  program  need  special 
fecilities  to  simulate  the  space  environment  where  the 
SPT  woric.  The  quality  of  the  environment  simulation 
is  important  to  obtain  reliable  ground  data  on  thruster 
performances  in  space.  A  clean  vacuum  is  required, 
with  a  pressure  of  less  than  2x10'^  mbar  (for  a  flow 
rate  of  xenon  propellant  of  5  mg/s.  In  the  begirming  of 
the  research  program,  CNES  decided  to  build  a 
completely  new  test  fecility  which  would  fulfill  the 
requirements  of  experimental  plasma  propulsion 
research.  The  designing,  building  and  operational 
managing  responsibility  was  given  to  the  Laboratoire 
d'A6rothermique. 

The  test  facility,  located  in  Orleans,  France,  and 
named  PIVOINE  (Propulsion  lonique  pour  les  Vols 
Orbitaux  -  Interpretation  et  Nouvelles  Experiences), 
was  presented  during  its  building  phase  at  the  last 
RGD  Conference  in  1996.  It  is  now  operational. 

The  test  facility  design  is  based  on  the  SPTIOO 
characteristics  (xenon  mass  flow  rate,  thrust,  plume 
divergence...).  The  vacuum  chamber  has  been  tested 
and  its  expected  performances  (e.g.  pumping  speeds) 
have  been  reached.  In  the  first  part  of  this  paper,  we 
present  these  performances. 

The  validation  tests  with  a  functioning  thruster  were 
conducted  with  the  A53,  an  SPTlOO-type  engine 
manufactured  by  SEP.  The  main  tests  deal  with; 

•  pressures  within  the  vacuum  chamber, 

•  thrust. 
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•  analysis  of  the  discharge  current  fluctuations, 

•  analysis  of  the  plasma  characteristics  (density, 
electron  energy  distribution  function,  ion  current 
density,  potential)  in  the  exhaust  plume  at  50  cm 
from  the  channel  outlet,  with  an  electrostatic 
probe. 

The  research  program  experiments  use  the  SPTIOO- 
ML,  a  thruster  specially  designed  and  built  for  the 
PrVOINE  test  facility.  As  a  preliminary  phase  of  the 
program,  we  investigate  the  working  characteristics  of 
the  thruster  by  varying  the  following  parameters; 

•  discharge  voltage, 

•  xenon  mass  flow  rate  at  the  cathode  and  the  anode, 

•  magnetic  field  configuration  and  intensity, 

•  channel  length. 

These  parameters  determine  the  operating  points  of 
the  thruster.  The  measurements  and  analysis  made  are 
the  same  as  for  the  AS3  tests.  In  the  second  part  of 
this  paper,  we  present  and  discuss  the  results  of  this 
investigation. 


At  the  end  of  this  preliminary  phase,  weVe  got  a  large 
data  bank  concerning  the  operational  characteristics 
of  the  SPTIOO-ML,  using  the  PIVOINE  frcility.  Some 
of  the  operating  points  will  be  chosen,  then  most  of 
the  next  experiments  in  the  program  will  be  made 
with  the  SPTIOO-ML  working  at  these  points.  Many 
kinds  of  diagnostics  will  be  used  to  characterize  the 
plasma  properties;  Langmuir  probes,  ion  probes, 
optical  probtt,  a  high-speed  camera,  etc. 
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Analysis  of  density  gradients  in  the  high  atmosphere 
and  satellite  aerodynamics  * 

G.  Koppenwallner,  B.  Fritsche 

HTG  -Hypersonic  Technology  Gdttingen,  Katlenburg  Lindau,  Germany 


1.  Introduction 

Due  to  the  high  requirements  for  precise  oihit  and 
position  prediction  of  high  altitu^  satellites  also 
accurate  prediction  of  the  aerodynamic  forces  and 
moments  acting  on  these  satellites  is  necessary.  For 
earth  observation  satellites  like  ERS,  with  orbital 
height  between  600  and  700  km  detailed  aerodynamic 
analysis  have  been  performed.  Also  for  the  GPS  class 
of  satellites  with  orbital  heights  above  1000  km 
aerodynamic  and  radiation  pressure  forces  have  to  be 
considered  for  precise  position  analysis. 

2.  The  high  atmosphere  and  its 
special  features  [1],[2],[3]. 

Special  features  of  the  high  atmosphere  are  not  only 
the  low  density  but  also  the  dramatic  change  of 
molecular  composition  and  its  high  temperature  of 
about  1500  K. 

Another  special  phenomena  of  the  high  atmosphere 
can  be  found  when  comparing  the  density  decrease 
with  altitude  and  the  mean  free  path,  which  are  shown 
in  Fig.  1  [1].  We  can  see  that  at  600  km  the  mean  free 
path  has  a  value  of  A  =100  km.  On  the  other  side  we 
have  in  an  altitude  span  of  100  km  a  density  change 
by  a  factor  of  3.  This  means  that  we  observe  in  the 
high  atmoshere  within  one  mean  free  path  extreme 
large  density  gradients.  In  order  to  demonstrate  this 
more  clearly  we  show  in  Fig.  2  the  following 
gradients : 

Norm,  density  gradient  per  mean  free  path:  idnldz){A 
In) 

Norm,  density  and  kin.temperatuer  gradient  per  km: 
(dnldz){\ln)\  {dTldx)(\IT),  km  ' 

At  600  km  we  obtain  with  an  altitude  change  of  ±  A.  a 
density  ratio  of  n(600  ±  A)/n(600)=  1/e  * ' 


It  therefore  seems  questionable  if  the  atmosphere 
above  300  km  is  in  a  thermodynamic  equilibrium 
state.  In  the  following  we  investigate  the  possible 
error  in  aerodynamic  analysis,  which  is  performed  on 
the  basis  of  a  homogeneous  equilibrium  free  stream. 

3.  Simple  analysis  of  density 
gradient  influence  on  aerodynamics. 


In  analogy  to  the  classical  simple  derivation  of 
transport  coefficients  in  a  nonuniform  velocity  or 
temperature  field  [4],  [5]  we  estimate  the  influence  of 
the  atmospheric  density  gradients  on  aerodynamic 
forces  acting  on  a  flat  plate  in  parallel  flow.  We 
neglect  in  a  first  step  the  graviational  forces. 

As  the  high  atmosphere  z  >  300  km  is  almost 
isothermal  we  have  only  to  consider  the  number 
density  gradient  dnidz. 

We  assume  the  particles  impinging  on  the  lower  or 
uiq>er  side  of  the  plate  have  their  origin  in  an 
atmospheric  layer  with  a  distance  of  one  mean  free 
path  below  or  above  of  the  plate. 

For  the  net  normal  momentum  flux  impinging  on 
both  sides  of  the  plate  we  then  obtain: 


X  dn 
n  dz 


We  define  the  gradient  induced  lift  coefficient  Q*: 

Q  ^  (P12-P21)  ^  __LA^ 
05mn-V^  Slndz 


In  Fig  3  we  compare  this  gradient  induced  lift  with 
the  lift  coefficient  of  a  flat  plate  in  uniform  flow.  It  is 
evident  that  density  gradients  introduce  lift  forces, 
which  can  not  be  neglected. 
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Due  to  the  neglection  of  gravitational  forces  there  will 
be  no  balance  of  the  molecular  particle  flux  between 
the  different  atmosphere  layers. 

We  obtain  for  the  unbalanced  molecular  flux  by 
simple  analysis; 

^up  ~  ^dawn  _  ^  ^ 

n-c'  n  dz’ 

This  contradicts  thus  the  assumption  of  a  stationary 
atmosphere. 

4.  Analysis  with  density  gradient 
and  gravity  field. 

Due  to  the  gravity  field  the  upwards  moving 
molecules  are  decelerated  and  the  downward  moving 
molecules  accelerated.  The  loss  or  gain  of  kinetic 
energy  must  be  equal  to  the  gain  or  loss  of  potential 
energy,  i.e: 

±gAz  =  T—Acl 

Thus  another  important  quantity  is  the  ratio  bewteen 
potential  energy  gain  over  one  vertical  mean  free  path 
and  the  mean  thermal  energy  of  a  particle. 

. 

"  i}l2)RT 

At  an  altitude  of  r  =  600  km  we  have  A  =  lO’ m  ,r  = 
1500  K  which  gives; 


(3/2)RT 

Particles  with  gX  should  not  be  able  pass 

an  altitude  step  of  A. 

If  we  perform  a  momentum  flux  analysis  with 
consideration  of  gravitational  ac-  and  deceleration  we 
obtain  the  following  simple  expression  for  the  lift 
acting  on  a  flat  plate; 

r  \  ,^dn  2gX 

Sl^ndz 

As  dn/dz  is  negative  the  gravity  term  acts  against  the 
density  gradient. 

If  we  request  zero  normal  momentum  transport 
through  a  horizontal  plane,  which  in  principle  means 
zero  lift  force,  we  obtain  an  expression,  which  is  the 
basis  for  the  isothermal  barometric  altitude  law. 

^dn  ^  2g  ^  g 

n  dz  c''  RT 


Bird  [  6]  analysed  with  DSMC  method  the  adiabatic 
atmosphere.  He  found  that  for 

(A/«)  dnidz  >  0.003  the  temperature  departs  from  the 
adiabatic  continuum  value,  however  the  pressure 
follows  the  barometric  continuum  law  also  in  the 
rarefied  regime. 

5.  Conclusion. 

Based  on  a  simple  analysis  approach  we  obtain 
contradictoiy  results  concerning  the  influence  of 
gravity  induced  density  gradients  on  aerodynamic 
analysis.  We  therefore  will  analyse  in  more  detail  the 
basis  of  high  atmospheric  models  and  the  resulting 
implications  concerning  free  molecular  aerodynamic 
analysis. 

Questions  to  be  answered  are;  Can  we  use  the  present 
approach  of  a  uniform  Maxwellian  freestream  or  do 
we  have  to  consider  also  gradients  and  the  gravity 
forces  acting  on  the  molecules  beween  two  successive 
collisions. 
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The  Direct  Simulation  of  2D  and  3D  Jet  Flows 
in  a  Dusty  Gas  Atmosphere  of  a  Comet  * 

A.V.  Bogdanov,  N.Y,  Bykov,  Yu.E.  Gorbachev, 

V.V.  Zakharov,  G.A.  Lukianov,  G.O.  Khanlarov 
Institute  for  High  Performance  Computing  and  Data  Bases, 
St.Petersburg,  Russia 


1  Introduction 

Observations  of  Halley  Comet  revealed  that  inter¬ 
nal  atmosphere  (coma)  has  non-uniform  and  asym¬ 
metric  structure.  Comet  images  demonstrate  jet 
structures  -  coma  regions,  which  have  high  bright¬ 
ness  (density  of  radiative  and  dispersed  environ- 
ment)[l].  Majority  of  existing  atmosphere  gasdy- 
namic  models  assume  spherical  shape  of  comet  nu¬ 
cleus.  Under  spherical  nucleus  shape  jet  flows  for¬ 
mation  is  possible  under  highly  non-uniform  surface 
activity  (gas  production)  [2].  Real  comet  nucleus  is 
not  sphere  and  jet  formations  may  be  result  of  both 
non-uniform  activity  and  nucleus  surface  shape. 

This  work  investigates  the  influence  of  shape  and 
non-uniform  nucleus  quazi-spherical  surface  activ¬ 
ity  on  comet  gas  and  dust  parameters.  Plate  parts, 
bumps  and  hollows  were  employed  as  basic  objects 
of  comet  structure. 

The  investigations  were  fulfilled  for  two-phase  flow: 
one-component  {H2O  molecules)  gas  phase  and 
heavy  dust  phase.  Linear  approach  was  used.  There 
was  no  influence  of  heavy  dust  phase  on  gas  flow; 
collisions  between  heavy  particles  were  neglected; 
heavy  particles  motion  was  determined  by  gas  phase 
parameters. 


2  Method 

The  direct  simulation  Monte  Carlo  method  (NTC- 
scheme)  was  employed  for  gas  flow  modelling.  Me¬ 
chanics  of  particles  collision  corresponds  to  VHS- 
model.  It  is  assumed,  that  vibration  levels  of 
H2O  molecules  are  not  excited.  For  description 
of  energy  exchange  between  translation  and  ro¬ 
tation  degrees  of  freedom  two  models  were  em- 

*Abstract  4842  cubmitted  to  the  21st  International  Sym¬ 
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ployed;  Borgnakke-Larsen  model  and  quaziclassi- 
cal  RT  transition  model.  Decomposition  method 
(sharing  domain  on  parts)  was  used  for  effective 
computing.  Computation  area  was  chosen  to  be 
approximately  100  radii  of  the  surface.  The  whole 
computation  area  was  divided  into  two  regions.  Dif¬ 
ferent  parameters  of  the  scheme  were  used  in  each 
region.  The  time  step  in  the  far  field  was  cho¬ 
sen  to  be  30-100  times  larger  than  in  inner  region. 
This  approach  gives  possibility  to  decrease  com¬ 
putation  time  5-10  times  in  comparison  with  the 
scheme  where  time  step  is  the  same  for  all  regions. 
Simulations  fulfilled  for  the  range  of  Knudsen  num¬ 
bers  Kn  =  10“‘  -  10“^  (Kn  s=  X/Rw,  X  -  minimal 
free  length  path  near  surface,  -  nucleus  radius). 
At  the  comet  nucleus  surface  velocity  distribution 
function  was  Maxwell 


[2ir  RT^)^/^ 


exp[- 


(Vx 


u)^  +  vg4-v? 
2RT^  ^ 


Here  Vx,Vy,v,  -  components  of  velocity,  x  -  perpen¬ 
dicular  to  the  nucleus  surface  coordinate,  nu,,Tu, 
and  u  -  numerical  density,  temperature  and  center- 
of-mass  velocity  of  H2O  molecules  at  the  surface. 
Two  types  of  initial  conditions  were  considered:  (1) 
a  subliming  source  (Mach  number  M  =  u/ou,  =  0, 
o„,  -  sound  velocity), (2)  source  with  sound  velocity 
of  outflow  (M  =  1).  The  surface  nucleus  tempera¬ 
ture  was  constant  and  equil  to  200K.  Initial  values 
of  H2O  molecules  translation  and  rotation  tempera¬ 
tures  were  equal.  Dust  particles  had  spherical  shape 
(diameter  d  =  0.1  —  10/im).  Particle  motion  equa¬ 
tion  was  following: 


3/> 

4  dpp 


Cd\v-  VpKv  -  Up). 


Here  p,pp  -  gas  and  dust  particles  deensity,  Co  - 
drag  coefficient.  For  description  of  gas-particles  in¬ 
teractions  free  molecular  outflowed  regime  approach 
was  used  (diffusive  reflection,  complete  thermal  ac- 
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comodation).  Dust  particles  temperature  was  de¬ 
termined  by  the  balance  between  absorbed  sun  ra¬ 
diation  energy  and  energy  of  particle  radiation. 


3  Results 

Results  of  simulations  show  strong  influence  of  the 
shape  on  flow  picture  in  coma.  Changing  of  surface 
curvature  leads  to  jet-like  gas  and  dust  flows  forma¬ 
tion.  Character  of  surface  relief  that  is  under  sun  ra¬ 
diation  in  a  given  time  moment  is  most  important. 
Dependence  of  jet  formation  longitudinal  size  and 
cross  size  vs  size  of  non-spherical  surface  elements 
was  considered.  Dust  flow  picture  depends  on  size 
distribution  of  dust  particles.  Coma  non-uniformity 
is  increased  under  certain  combination  of  geometric 
factors  and  non-uniform  activity  of  surface  nucletis. 

The  work  demonstrates  gas  and  dust  parameters 
and  also  computer  analogies  of  coma  images  (un¬ 
der  some  assumption  about  coma  luminance  mech¬ 
anisms)  which  correspond  to  observations  of  rotat¬ 
ing  comet  from  flyby  spacecraft.  Problem  of  such 
images  identification  is  discussed. 


References 

[1]  Crifo  J.F.,  Comets  as  a  large  dirty  snowballs 
sublimating  in  interplanetary  space:  a  review 
of  gasdynamic  models,  In:  Boffi  V.  and  Cercig- 
nani  C.  Ed.  Rarefied  Gas  Dynamics  15.  229- 
250,  Stuttgart:  BG  Teubner,  1986. 

[2]  Crifo  J.F.,  Itkin  A.L.,  Rodionov  A.V.  The 
near-nucleus  coma  formed  by  interacting  dusty 
gas  jets  effusing  from  a  cometary  nucleus:  /, 
ICARUS.1995,  116,  pp.77-112. 

[3]  Bird  G.A.  Molecular  gas  dynamics  and  the  di¬ 
rect  simulations  of  gas  flows,  Clarenton  Press, 
Oxford,  1994. 


309 


ASTROPHYSICS  AND  ENVIRONMENT  -  AE  P 


Experimental  Simulation  of  Nonequilibrium  Ionization  and 
Radiation  Behind  Shock  Wave  in  Martian  Atmosphere  * 
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Central  Aerohydrodynamic  Institute,  Zhukovsky-3,  Moscow  Region,  Russia 


The  results  of  experimental  investigation  of 
nonequilibrium  processes,  when  a  strong  shock  wave 
propagates  in  gas  mixture  simulating  Martian  at¬ 
mosphere,  are  presented.  The  goal  of  experiments 
is  getting  of  measured  data  to  verify  nonequilibrium 
physical  -  chemical  models  for  numerical  simulation 
of  flow  around  vehicles  during  Martian  atmosphere 
entry. 

Experimental  investigations  have  been  carried  out 
in  Arc-Driven  Shock  Tube  (ADST)  where  studies 
on  physical-chemical  processes  behind  strong  shock 
waves  with  propagation  velocities  of  4  -15  km  have 
been  performing  for  the  last  years  [1,2].  ADST  dis¬ 
charge  driver  had  ceramic  walls  and  molibden  elec¬ 
trodes.  Driver  gas  was  helium  heated  by  a  power¬ 
ful  electric  discharge.  A  low  pressure  driven  chan¬ 
nel  represented  a  glass  sections  structure  with  the 
length  about  5m  and  diameter  of  57mm  assembled 
by  means  of  metallic  flanges.  The  structure’s  sec¬ 
tions  had  a  sealed  lead-in  for  probe  devices  and  win¬ 
dows  for  the  optical  recording.  The  simulation  of 
Martian  mixture  was  carried  out  by  using  the  mix¬ 
ture  of  CO2  and  air.  A  certified  carbon  dioxide 
(99.9  %)  used  .  It  was  delivered  into  the  ADST 
channel  evacuated  up  to  the  pressure  at  which  the 
channel  was  filled  with  the  mixture  containing  CO2 
(96  %Martian  atmosphere  is  in  the  increased  con¬ 
centration  of  02-  However,  the  calculations  of  the 
gas  species  behind  the  shock  wave  front  specially 
carried  out  have  shown  that  the  change  in  the  con¬ 
tent  of  O2  before  the  shock  wave  within  0-3%  of  the 
experiments  was  carried  out  at  the  pressure  in  the 
channel  Pi  =  0.2  (1 1%)  torr  and  within  the  range 
of  shock  wave  velocities  4. 5-9. 5  km/s. 

In  the  studies  on  the  measurements  of  ionization 
parameters  there  were  used  probe  techniques  of  di¬ 
agnostics  with  required  characteristics  of  the  reso¬ 
lution  and  range  of  measuring  the  ionization  prop¬ 
erties.  To  define  ion  and  electron  concentration 
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the  electric  probes  of  different  type  were  used. 
Single  probes  with  cylindrical  electrodes  were  in¬ 
stalled  parallel  and  normal  to  the  gas  flow  under 
study.  They  operated  in  the  regimes  of  gathering 
the  ion  and  electron  current.  The  diameters  of  elec¬ 
trodes  changed  from  0.1  to  0.01mm  .  All  probes 
were  expendable.  When  processing  the  results  of 
probe  measurements  there  were  used  the  data  of  de¬ 
tailed  studies  on  the  peculiarities  of  the  operation 
of  cylindrical  probes  under  conditions  of  the  super¬ 
sonic  flow  behind  the  shock  wave  in  the  transitional 
Knudsen  regime  [1]:  0.1  <  Kn  <  10  (  Kn=Xi  e/ip  . 
A,  e  is  the  length  of  free  path  of  ions  and  electrons, 
tp  is  probe  radius). 

The  measurement  of  electron  temperature  T*  when 
a  shock  wave  is  propagating  along  the  ADST  chan¬ 
nel  is  required  not  only  for  defining  ne.ifrom  probe 
measurements,  but  is  of  a  special  interest  because 
Te  is  an  important  parameter  in  determining  radi¬ 
ation  properties  of  gas.  Besides,  T*  can  be  used  to 
verify  numerical  models  of  nonequilibrium  processes 
related  to  the  propagation  of  strong  shock  waves  in 
gas  medium  under  consideration.  The  method  of  a 
triple  probe  [3]  and  the  experience  gained  in  apply¬ 
ing  this  method  during  experiments  in  the  ADST 
[1]  were  used  to  measure  T*.  A  spatial  resolution  of 
the  measuring  system  along  the  flow  velocity  vector 
is  about  0.5mm,  a  time  resolution  of  the  measuring 
system  r  is  about  O.lmks. 

Simultaneously  with  the  measurements  of  n,,eand 
T,  a  nonequilibrium  radiation  in  the  band  systems 
of  several  molecules  (CN,C2,NO)  was  recorded.  In 
studies  on  the  ionization  processes  peculiarities  the 
recording  of  the  radiation  was  aimed  at  determin¬ 
ing  the  time  and  spatial  correlations  between  the 
nonequilibrium  processes  of  ng,,-  -  formation,  change 
in  Tg  and  generation  of  the  radiation.  To  register 
an  emission,  routine  method  of  spectral  measure¬ 
ments  [2]  was  used.  The  optical  system  ensured  the 
spatial  resolution  on  the  ADST  channel  axis  about 
0.1mm.  Spectral  diapason  of  the  system  is  A  =  200 
-  1000  nm. 
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In  experiments  the  peak  value  of  electron  tempera¬ 
ture  Tern  in  a  shock  wave  front  was  established  for 
wide  diapason  of  wave  velocities.  This  peak  value 
correlates  with  radiation  intensity  Im ,  ion  and  elec¬ 
tron  concentrations  ne.im  peak  values.  The  depen¬ 
dencies  of  peak  values  T^mi  Imi  ne,im>  quasistation¬ 
ary  values  Tegi,  Ifo  neqt  and  temporary  charac¬ 
teristics  of  ne,Te  and  Ia  nonequilibrium  distribu¬ 
tions  behind  shock  wave  are  obtained.  Temporary 
characteristics  includes  Tpeak-  time  of  the  ne,Te  and 
Ia—  increase  in  nonequilibrium  peak  and  time 
of  the  quasistationary  Te^»,  n*,!  values  achieve¬ 

ment  behind  shock  wave. 

In  experiments  a  strong  precursor  photoionization 
effect  was  detected.  It  is  our  opinion,  that  the  ef¬ 
fect  of  the  photoionization  defining  the  values  ne,i 
and  Te  ahead  of  the  shock  wave  manifests  itself  in 
the  gas  mixture  under  study  much  stronger  than  in 
air.  For  example,  in  a  number  of  cases  the  value  of 
Te  ahead  of  the  front  is  comparable  or  exceeds  the 
maximum  value  of  Te  behind  the  shock  front  in  the 
gas  mixture,  which  was  not  observed  in  air  exper¬ 
iments.  The  ratio  of  the  concentration  of  charged 
particles  ahead  of  the  front  to  the  quasi-steady  value 
of  xieg,  behind  the  wave  front  in  the  mixture  exceeds 
the  corresponding  ratio  for  air  by  more  than  an  or¬ 
der.  This  calls  for  additional  investigations  which 
are  assumed  to  complete  to  the  date  of  Paper  prepa¬ 
ration. 

This  work  has  been  supported  by  International 
Science  and  Technology  Center  (ISTC)  through 
Project  N  036. 
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Kinetic  Modeling  of  the  Hot  Neutral  Planetary  Coronas  * 

V.I.Shematovich 

Institute  of  Astronomy  of  the  Russian  Academy  of  Sciences,  Moscow,  Russia 


1  Introduction 

The  present  understanding  of  planetary  coronas 
(the  top  very  rarefied  atmospheric  layers)  is  deter¬ 
mined  by  satellite  and  ground  based  observations 
of  coronal  emissions  [1].  In  particular,  it  was  found 
that  usually  the  planetary  corona  for  both  light  and 
hevier  species  (H,  He,  C,  N,  0,  etc.)  may  be  pre¬ 
sented  by  two  populations  -  thermal  (characterized 
by  the  Maxwellian  distribution)  and  nonthermal 
(characterized  by  the  nonequilibrium  distribution 
for  superthermal  energies)  ones  [1],[2]. 

2  Kinetic  model 

The  main  source  of  superthermal  (or  hot)  par¬ 
ticles  in  the  planetary  corona  is  connected  with 
their  transport  from  the  transition  region  between 
dense  collision-dominated  atmosphere  and  collision¬ 
less  exosphere.  The  superthermal  particles  are  pro¬ 
duced  in  various  nonthermal  processes  by  dissocia¬ 
tive  recombination,  photo-  and  impact  dissociation, 
exothermic  chemically  reactive,  inelastic,  or  charge 
exchange  collisions, 

AB+  -I-  e  Ahot  +  Bhot 

AB  +  hu(e^)  -4  Alloj  -f  B^^,  +  (e,,) 

c  D  -4  Ahot  -1-  b;;^, 

,  Ath  +  B+ ,(E)  -4  A+  -E  Bhot(^'  <  E) 

their  products  having  translational  energies  of  a  few 
eV.  The  superthermal  particles  loose  translational 
energy  in  elastic  and  inelastic  collisions 

Ath  +  Bhot(^)  <E)  +  Bhoti(^'  <  E). 

In  the  case  when  superthermal  particles  are  chem¬ 
ically  homogeneous  with  the  ambient  atmospheric 
gas  (A  =  B),  the  collisional  processes  become  com¬ 
pletely  nonlinear,  because  the  particles  of  secondary 
origin  (with  E'  ^  kT)  are  nonthermal,  and  their 

'Abstract  5186  submitted  to  the  21st  International  Sym¬ 
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subsequent  collisions  with  the  ambient  gas  lead  to 
cascade  formation  of  new  nonthermal  particles. 

For  different  celestial  bodies  the  relative  input  of  the 
considered  sources  of  superthermal  particles  are  dif¬ 
ferent  and  specific  sets  of  these  processes  must  be 
considered  [1].  If  these  hot  particles  are  injected  in 
the  tail  of  the  Maxwellian  thermal  distribution  and 
are  not  therm alized  quickly  enough,  a  large  frac¬ 
tion  of  them  may  disturb  an  initially  Maxwellian 
distribution  in  the  planetary  corona.  It  results  in 
significant  amount  of  superthermal  particles  in  this 
region ,  which  define  the  parameters  of  the  planetary 
corona.  This  was  in  particularly  revealed  by  the 
analysis  of  experimental  data  for  planetary  coro¬ 
nas  [1]. 

The  nonequilibrium  properties  of  the  particles 
formed  with  an  excess  of  kinetic  and  internal  en¬ 
ergy  make  it  necessary  to  study  these  processes 
at  the  microscopic  kinetic  level.  For  a  rigorous 
self-consistent  consideration  of  nonthermal  particles 
and  the  role  they  play  in  the  hot  neutral  corona 
formation,  the  system  of  nonlinear  Boltzmann  type 
kinetic  equations  [3] 

^Enth  +  C^Fnth  +  =  Qnth  + 

+Jel(Enth,  Eth)  +  Jin{Eth,  Enth) 

lyFth  +  C^Eth  +  S|^Fjh  =  Jel(Eth,  Enth)-i- 

,  J>n{Eth  •  Enth) 

must  be  solved.  Here  Ff/,  and  Tth  are  the  velocity 
distribution  functions  for  thermal  and  nonthermal 
populations  of  the  planetary  corona.  The  left-side 
of  these  equations  describes  the  particle  movement 
in  the  planetary  gravitational  field,  and  the  right- 
side  one  includes  the  terms  corresponding  to  the  for¬ 
mation  of  superthermal  particles  (Qntfc)  and  their 
collisional  relaxation  in  elastic  and  inelastic  pro¬ 
cesses.  This  system  of  kinetic  equations  was  solved 
using  the  modification  [3]  of  the  Direct  Simulation 
Monte  Carlo  method. 

3  Results 

The  described  above  kinetic  model  was  applied  to 
the  investigation  of  the  hot  oxygen  corona  forma- 
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Figure  1:  Energy  distribution  functions  for  thermal  (thin  lines)  and  nonthermal  (thick  lines)  populations 
of  the  hot  atomic  oxygen  geocorona  at  different  atmospheric  heights 


tion  in  the  Earth’s  upper  atmosphere  and  the  hot 
nitrogen  corona  formation  in  the  Kronian  satellite 
Titan  atmosphere.  For  hot  oxygen  geocorona  the 
main  source  of  superthermal  oxygen  atoms  are  the 
reaction  of  dissociative  recombination  of  ion  Ot 
and  the  set  of  exothermic  chemical  reactions.  The 
formed  superthermal  oxygen  atoms  share  their  ex¬ 
cess  (up  to  a  few  eV)  kinetic  energy  in  the  colli¬ 
sions  with  the  ambient  thermal  atmospheric  oxygen 
atoms  causing  the  cascade  formation  of  secondary 
suprathermal  population  of  hot  nonthermal  parti¬ 
cles.  In  the  fig.l  the  calculated  energy  distribution 
functions  (EDF)  of  thermal  and  nonthermal  popu¬ 
lation  of  atomic  oxygen  in  the  Earth’s  upper  atmo¬ 
sphere  are  shown.  Thus,  both  disturbed  thermal 
atoms  from  the  tail  of  Maxwellian  distribution  and 
supherthermal  atoms  are  the  source  of  the  hot  oxy¬ 
gen  geocorona  formation. 
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Resonant  Interaction  between  Magnetoacoustic  Waves  * 
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Al.  I.  Cuza  University,  Faculty  of  Physics,  Romania 


This  paper  deals  with  resonant  interactions  between  three  magnetoacoustic  waves 
propagating  through  an  ideal  magnetohydrodynamic  plasma.  Thus,  we  get  the 
interaction  equations  between  the  fundamental  mode  and  its  first  harmonic  component. 
These  equations  were  numerically  solved  and  the  time  dependencies  of  the  magnetic 

energy  densities  |3i(2a)]j*  were  plotted. 

As  we  can  observe  from  fig.1,  the  presence  of  the  harmonic  component  favours  the 
amplification  of  the  fundamental  wave,  instead,  after  few  damped  oscillations,  the 
density  energy  for  the  magnetoacoustic  wave  with  2q>  frequency  stabilises  to  a  value 
less  than  the  initial  one  (a  part  of  its  energy  is  transferred  to  the  fundamental  mode,  to 
determine  Its  development). 


1.60  -1 


1.20 
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This  result  is  of  Interest  in  Earth’s  Ionosphere  and  magnetosphere:  These  regions 
abound  of  magnetoacoustic  waves  with  large  amplitude  [1].  One  of  the  mechanisms 
responsible  of  their  appearance  may  be  the  resonant  interaction  described  above. 

[1].  Goldsten,  R.J.,  Rutherford,  P.H.:  "Introduction  in  Plasma  Physics",  Inst.  Of  Physic 
Publication,  Bristol  1995,  p.  10 

•Abstract  6882  submitted  to  the  21st  International  Sym¬ 
posium  on  Rarefied  Gas  Dynamics,  Marseille,  France,  July 
26-31,  1998 


314 


ASTROPHYSICS  AND  ENVIRONMENT  -  AE  P 


Inner  Shock  in  the  Solar  Wind  Interaction  with  Comet 
Exosphere:  Was  it  Detected  by  Giotto  * 

V.I.  Nikolova,  M.D.  Kartalev 


Institute  of  Mechanics, 

Introduction 

One  of  the  most  challenging  experimental  results 
obtained  during  the  intensive  spacecraft  investiga¬ 
tions  of  the  comets  ten  years  ago  was  the  detection 
of  the  magnetic  field  -  free  cavity  near  the  comet 
Halley.  The  magnetic  cavity  boundary  (CS)  was 
crossed  by  Giotto  at  a  cometocentric  distance  about 
4470  km  inbound  and  4155  km  outbound.  The  mag¬ 
netic  field  magnitude  drops  suddenly  from  about 
60  nT  to  zero  at  this  boundary. 

The  predicted  from  the  “pre-  encounter”  models 
picture  of  the  solar  wind  interaction  with  the  comet 
ionosphere  includes  outer  and  inner  shock  waves 
and  a  contact  surface.  The  latter  is  supposed  to  sep¬ 
arate  the  inward  solar  wind  flow  from  the  outward 
flow  of  the  ionized  gaz  with  cometary  origin.  The 
classic  MHD  picture  predicts  inward  penetration  of 
the  interplanetary  magnetic  field  till  the  contact 
surface  only.  The  region  between  the  inner  shock 
and  the  contact  surface  is  supposed  to  be  magnetic 
field  -  free  in  the  frame  of  the  MHD  approach.  That 
is  why  the  penetration  of  the  interplanetary  mag¬ 
netic  field  to  the  CS  was  widely  accepted  as  a  proof 
that  this  is  rather  a  contact  surface. 

Here,  analyzing  some  results  of  their  earlier  works 
([7],  [6],  [2]),  as  well  solving  numerically  the  problem 
of  magnetic  field  distribution  (magnetic  convection 
approach),  the  authors  are  trying  to  demonstrate 
evidences  in  favour  of  the  interpretation  of  the  dia¬ 
magnetic  cavity  boundary  as  an  inner  shock. 

Some  features  of  the  used  models 
The  problem  of  the  solar  wind-comet  exosphere  in¬ 
teraction  is  modeled  numerically  in  the  frame  of 
the  single  fluid  gas  dynamic  approach,  including  the 
main  known  mass  -  loading  and  sink  reactions: 
Photoionization  by  solar  extreme  ultraviolet  radia¬ 
tion.  If  M  denotes  cometary  neutral  species  such 
as  H2O,  CO,  O,  or  H,  this  source  is  illustrated  by 
a  reaction: 

hi/  +  M  — ^  Af"*"  4-  e. 

The  photoionization  rate  at  1  AU  is  <t  ~  5x 
for  solar  minimum  solar  conditions  (a  value  of 
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<r  =  10“®s“^  is  used  for  the  calculations). 

Charge  transfer  of  solar  wind  protons  with 
cometary  neutrals,  presented  by  a  rewtion: 

H+  +  M  —i-  -i-  M+, 

where  represents  soIm  wind  protons 
Impact  ionization: 
e  +  M  — ^Af+d-c-l-c. 

Charge  frans/er  between  ion  species  and  neutral 
species  M,  expressed  by: 

A’+  -h  M  — t  X  -f  A/+, 
where  X'*’  can  represent  any  cometary  ion  such  as 
O*,  H2O'*',  or  cometary  H'*'.  The  corresponding 
reaction  rate  coefficient  could  be  represented  [2]  as: 
keh  =  qchVef/ 


where  v  and  T  are  the  ion’s  gas  mean  velocity 
and  temperature,  w  and  r„  are  the  velocity  and 
the  temperature  of  the  neutrals  (Tn  is  taken  to  be 
zero  here),  k  is  the  Boltzmann  constant  and  rUc 
is  the  mass  of  the  cometary  neutrals.  The  effective 
charge-exchange  cross-section  between  H2O  neutral 
molecules  and  H2O'*'  ions  is  supposed  to  be  between 
q^h  =  and  qch  =  10“^®crn*. 

Ion-neutral  chemical  reactions,  other  that  charge- 
transfer,  such  as  atom-atom  interchange: 

x+  +  VM  — ^  xy+  -I-  M. 

Such  an  example  is  the  reaction  with  X  =  H2O, 
Y  =  H  and  M  =  OH  with  a  reaction  rate  coeffi¬ 
cient  !:<„  =  1.1  X  10~®cm®s~^. 

Dissociative  recombination: 

XY+  +  e  X  Y. 

The  reaction  rate  coefficient  is 
a  =  5  X  10"’’(300/Te)^/*cm®s"^.  Here  Tg  is  the 
electron  temperature. 

It  is  worthy  to  note  the  special  form  of  the  used 
magnetic  induction  equation,  derived  in  [5]: 

dB  ,  r,  Nf,  A 

=  rot  (u  X  B)  -  -^(w  X  B)l  , 

where  w  is  the  neutral  outflow  velocity  vector.  The 
density  of  the  non  picked  -  up  new  ions  (“fresh  ion- 
s”)  Nj  is  adopted  to  be  r/Unn,  denoting  by  rj  the 
characteristic  ions’  life-time  in  the  “fresh  ion  stage” . 
Here  /,■  is  the  new  ions’  production  rate  and  n„ 
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is  the  number  density  of  the  background  cometary 
neutrals. 

Some  results 

The  probable  conclusion  that  the  magnetic  cavity 
boundary  is  an  inner  shock  follows  from  the  paral¬ 
lel  analyses  of  the  results  from  different  approaches, 
modelling  the  inner  coma.  We  are  showing  also 
quite  impressive  supports  of  such  a  conclusion  by 
a  comparison  with  Giotto  experiments. 


Figure  1:  A  comparison  between  the  density  distri¬ 
butions,  obtained  as  follows:  Dashed  line-  Cravens’, 
1989  [3]  one  dimensional  consideration  (see  also  [5]); 
Solid  line-  numerical  result  (in  axially  symmetrical 
approach)  of  Nikolova  and  Kartalev,  1998  [7],  taken 
approximately  along  Giotto  trajectory. 
Acknowledgements  -  This  research  was  supported 
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Figure  2:  Density  distribution  for  a  segment  of  the 
inner  coma  region.  The  dotted  line  is  the  measured 
density  variation  along  the  Giotto  trajectory  (from 
[1]).  The  dashed  line  presents  the  computed  in  [2] 
density  variation  along  the  radius  at  90®  from  the 
comet-solar  line.  The  solid  line  is  the  density  dis¬ 
tribution  along  the  radius  at  108®  from  [7]). 


Figure  3;  The  dashed  line  presents  the  temperature 
distribution,  used  usually  as  given  in  the  semi-  em¬ 
pirical  interpretations  of  the  experimental  data  (see 
for  instance  [4]). 
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